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Abstract V 
Abstract 
This study is an attempt to investigate the reliability of science-based dating 
techniques and to determine which materials are most useful for the establishment of 
a. ,)•.: precise chronology for archaeological sites. 
'-
14C, ESR and TL/OSL dating were carried out on charcoal, shells, bones and 
IJ\.e.:fol:th:~ C.o..~t ~:t~.s e,I So..~°'-c.-le,w,..l>A.. 1 ~e.Ji G.ttd . 
~ o.,. o. va..lf!4 - K.A-n d °" sediments from threek - 0 :-< - .·<-I, -- · •... >---- from Sri Lanka and on fossil teeth from a 
range of archaeological sites in Israel, South Africa and France. 
Cll-t Bo-~°' do"" b o.. B e..l ~ A,... el 3> o r °" v A. )(. ll. - k a.. W\ cl ._ 
> 
C.o....v ~ 3 
Dating results of this study Lindicate that radiocarbon dating is still one of the best 
methods of dating in archaeology particularly for charcoal and shells. Optical dating 
Stl.\cl;es o/-fht. thrt~ ~A~~.s inJ;(:.4fc. ,t~ .. t it- ha.~ 
(OSL) l the best potential for becoming a routine dating method in 
archaeology and can be applied to quartz which is present in most archaeological 
sites and exceeds the 14C age range by some 100,000 years. TL also provides 
at 1l\e -+hr~ e. ~°' vcs 
reasonable results~ ut the precision was some what worse than OSL. Therefore, this 
dlA.t 
study points,!:hat the future of sediment dating lies in OSL rather than TL. 
ESR dating of teeth has provided reasonable results at many archaeological sites but 
not at others. The reasons for this could not be identified in this study. Although ...~ 
radiocarbon dating of teeth is rarely used in archaeological applications, e_s see?t'!\. to be 
associated with severe age underestimations. This study shows that teeth are apt to 
experience a very rapid carbonate exchange. 
Abstract 
. 
VI 
In this study, ESR dating of shells has been applied for the first time to 
{ o. t 8 °'-~ °'- cl o '"" J, ._ o. ~ d 8 ~ I ; C ... "4! s). 
archaeological sitei It shows some potential but it is necessary to identify dating 
l ~o..""' ~ ~ J e "'-t o... l- ~ ... ~-.. J 0 _1,""- ~ CL v.t._) 
outliers. ESR dating of bones reems to have little potential in the immediate future. 
Overall results of this study show that reliable chronologies can only be established 
after all dating and material investigations are properly considered, in combination 
with detailed knowledge of G:1:: archaeology and sedimentology. 
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1.1. Introduction 
Before the introduction of radiocarbon dating in the late 1940's by W.F. Libby and 
his co-workers, chronological frameworks in archaeology were built on crude systems 
such· as stone, bronze and iron ages. Radiocarbon dating is based on the production of 
the radioactive isotope 14C in the upper atmosphere and its rapid and uniform 
distribution in the atmosphere leading to a steady state, where 14C production is 
balanced by its decay. When plants incorporate CO2 from the atmosphere they also 
have approximately the same concentration of 14C as the atmosphere and so have 
animals living on plants and other animals. When the organism dies, the exchange of 
14C is no longer maintained and the radiocarbon starts to decay. By knowing the 
present day 14C concentration and measuring the amount of 14C left in the sample, 
one can calculate its age according to the radioactive decay law for 14C. Arnold and 
Libby (1949) demonstrated that samples of known archaeological age could be dated 
with a precision of about 10%. This not only enabled archaeologists to date their 
archaeological contexts accurately and reliably for the first time but also allowed the 
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correlation of distant archaeological sites. These developments revolutionised our 
understanding of the timing of archaeological processes. 
Soon after the discovery of radiocarbon dating, other dating techniques or clocks for 
measuring geological and archaeological events were developed. Many of them like 
radiocarbon were based on radioactive processes, others on chemical alterations. 
Figure 1.1 (top) shows most of the techniques which can be applied in archaeological 
and Quaternary studies. It soon became evident that different dating methods can 
only be applied to certain materials. Furthermore, the quality of the dating results 
were found to be dependent on the type of material. For example, radiocarbon dating 
is only applicable to materials containing carbon. Its application on wood and 
charcoal gives better results than on speleothems. This is because, in speleothems 
much of the carbon is incorporated from limestone which contains no radioactive 
carbon. Hence, the initial 14C concentration cannot be known precisely. The 
systematic application of U-series dating has demonstrated that the method gives 
reliable results on speleothems (Schwarcz, 1980) and corals ( e.g. Bard et al. , 1993), 
but gives poor results on mollusc shells (Kaufman et al., 1971) which behave as open 
systems. Other dating methods, such as K/Ar or Ar/Ar, can give excellent results but 
are only applicable to volcanic materials that are not widely available 1n 
archaeological sites. Materials like shells, bones and teeth which are found 1n 
numerous archaeological sites cannot be dated by this method. Therefore, the 
application of dating techniques and the quality of the results for archaeological sites 
are strongly dependent on the materials that one can find. 
11,. 
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Figure 1.1. Top: guide to dating techniques. Closed circles indicate the possibility of obtaining 
a reliable date (within the dating range). Partly closed circles indicate either limitations of 
reliability or applicability. Open circles indicate method is not reliable. Bottom: Age ranges 
(depending on the sample integrity and for further technical development indicated in 
dashed areas) for the dating techniques (from Aitken, 1990). 
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The next limitation of using dating methods is their range of applicability (see Figure 
1. 1, bottom). For example, if a sample is older than about 40,000 years, almost all of 
the radiocarbon atoms that were present initially have been decayed close to the 
detection limits of the equipment used for dating. This effect can also be achieved by 
small amounts of 14C contamination in a sample where original 
14C has completely 
decayed. Hence, it is extremely difficult to obtained radiocarbon dates older than 
about 40,000 years. For K/Ar dating, these limits are different. This technique is 
based on the accumulation of Ar produced by decay of 
4°K in volcanic minerals after 
the eruption of volcanoes. Samples younger than about 100,000 years cannot be dated 
as the amount of Ar atoms accumulated in the sample is too low for a precise 
measurement. However, in some special cases younger material can be dated 
(McDougall, pers. comm.). Therefore, it is important to have a rough idea how old a 
site is, before one can initiate dating. 
The results of the dating methods are associated with different degrees of precision. 
Techniques which can be measured by high precision equipment such as mass 
spectrometry, as in AMS radiocarbon, U-series or Ar/Ar dating, can produce highly 
precise results with 2-a-errors of a few hundred years in samples of 125,000 years 
( e.g. Sterling et al., 1995). Other dating methods, such as electron spin resonance 
(ESR), thermoluminescence (TL) and optically stimulated luminescence (OSL) dating 
are dependent on the assessment of number of independent parameters, measured by 
"'1111111 
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different techniques and equipment. The best errors of ESR dating results are in the 
range of 5% (Grlin et al. , 1990) and most cases the uncertainties are much larger (see 
Grlin and Stringer, 1991). 
The accuracy of dating results is often difficult to estimate but less precise dating 
techniques have also contributed significantly to the establishment of chronologies in 
archaeology. For example, TL dating of burnt flint and ESR dating of tooth enamel 
have demonstrated that modern humans existed in Israel at about 100,000 years ago, 
60,000 years earlier than in Europe (Valladas et al. , 1988, Grlin and Stringer, 1991). 
Roberts et al. , (1994a) showed with luminescence dating of sediments that the 
colonisation of Australia took place shortly after 60,000 years. 
There are many limitations for dating techniques. For example, in radiocarbon dating, 
it became clear in the late 1950's that the basic assumption, namely that the 
radiocarbon concentrations of living organisms had been the same over time was 
found to be only an approximation of the true situation. Significant discrepancies 
were found between 14C analysis and dendrochronological records of wood samples. 
These discrepancies indicated that 14C production with time had not been constant 
and there had been significant deviations in the past (see chapter 2.23). Samples with 
ages known to be of about 11 ,000 years may yield radiocarbon ages of about 10,000 
years. It was also found that the earlier estimation of the half-life of radiocarbon was 
not correct, and instead of 5568 years the best estimate was 5730 years, which gives 
an increase of about 1.03 times the old radiocarbon age estimate. Recent calibration 
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curves of high precision U-series and AMS ages on corals indicate that 23 ,000 year 
old corals give radiocarbon results of about 20,000 years (Bard et al. , 1993). 
However, calibration work done by many different laboratories have made it possible 
to convert radiocarbon ages into calendar years (Stuiver and Reimer, 1993) with 
reasonable confidence. 
Although, radiocarbon is the most widely applied dating technique (with more than 
250,000 dates produced world wide), some of the recent studies such as Bard et al. 
(1993) can still have a major impact for the understanding of radiocarbon dating. 
Other methods, such as luminescence or electron spin resonance dating, are much 
newer and far less well investigated. Therefore, one can expect similar disclosures 
over time as for radiocarbon dating, i.e., some assumptions made today, may need 
future modifications tomorrow. In order to address these problems it is essential to 
carry out calibration programs and detailed cross-checks. 
1.2. Aims and significance of this study 
As outlined above, the quality of dating results is dependent on the material and the 
methods used to date these materials. The aim of this study is two-fold. Firstly, to 
carry out as many dating techniques as possible on three archaeological sites and to 
understand which materials are suited for the establishment of precise chronologies. 
Secondly, to investigate by radiocarbon dating a set of fossil teeth collected from a 
II 
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range of archaeological sites giving erroneous ESR results. The study addresses four 
specific questions: 
(i) estimation of internal consistency of dating results; 
(ii) comparison of different dating techniques; 
(iii) assessment of the suitability of different materials for dating; 
(iv) further investigations of why certain materials deliver erroneous results. 
1.3. Research strategy 
In order to achieve the main objectives, two dating projects were launched: 
Project 1: Detailed dating of three Mesolithic cave sites in Sri Lanka: Batadomba, 
Beli and Doravaka-kanda caves. These sites were selected because: 
( a) their chrono-stratigraphy has been well established by radiocarbon dating on 
charcoal; 
(b) there are several types of materials available for the application of a range of 
techniques; 
( c) the three caves have significant archaeological importance not only in Sri Lanka 
but in South Asia as well (Deraniyagala, 1992). Batadomba and Beli caves 
have provided the most reliable dates on charcoal from distinct stratigraphic 
horizons, and have yielded stone artefacts (geometric microlithic component) 
o-nt. of , . 
making theses caves ihe earliest reliably dated sites in Asia. 
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In order to assess the dating results produced in this study, the radiocarbon results on 
charcoal were taken as a reference, because these have shown a very good internal 
consistency and the associated errors are considerably smaller than those of the data 
of the other techniques applied in this thesis. 
Project 2: The second dating project involves the collection of fossil tooth samples 
from a range of Mousterian and Acheulian sites (older than about 34,000 years) from 
Israel (Tabun), South-Africa (Border Cave) and France (La Quina, Vignaud, Rond du 
Barry and Le Moustier). Some of these teeth excavated in detailed archaeological 
contexts show ESR age estimates that are in strong contradiction to well established 
archaeological chronostratigraphies and independent dating results. In this study AMS 
radiocarbon dating was carried out to investigate why some samples give anomalous 
results. 
1.4. Thesis outline 
This thesis is written in six Chapters. Chapter 1 gives an introduction of science-
based dating in archaeology, its inherent problems and the need to carry out multi-
dating studies. Chapter 2 gives a detailed account of the three principle dating 
techniques 14C, TL/OSL and ESR used in this study, their potential, and the problems 
of dating archaeological materials. Chapter 3 describes experimental details and in 
situ and laboratory measurements carried out in this study. Chapter 4 describes the 
dating project 1, gives the archaeological background, lists the sampled sites, their 
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stratigraphy, known chronology, and dating results of this study. Chapter 5 provides 
background details and dating results of project 2. Chapter 6 gives the summary and 
conclusions of this study, and suggests future directions for research. 
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2.1. Introduction 
This chapter describes the dating methods of 14C, ESR, TL and OSL which applied in 
this study. These methods can be classified as: 
(i) isotopic methods based on radioactive decay (1 4C) 
. . -t:,,,-~t'\"-t. J . ~ ~ ~ ..1 e. . 
(11) : ~i-:I~~: ~:.:-,- · "':-:-:....·": ·, · , techniques (ESR, TL and OSL) 
2.2. Radiocarbon dating 
Three isotopes of carbon occur naturally: the stable isotopes 12C (98 .9% natural 
abundance) and 13C (1.1 %), and the radioactive isotope 14C (isotopic ratio of 14C to 12C 
is 1.2 x 10-12, Geyh and Schleicher, 1990). The radioactive isotope 14C is produced in 
the higher atmosphere by the interaction of neutrons with 14N (Mook and Waterbolk, 
1985): 
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1 ~n + 14 N _. 14 c + 1 H 
Li- 7 6 1 
The newly formed atoms of 14C react with oxygen to form molecules of 
14CO2 which 
are rapidly mixed throughout the atmosphere and the hydrosphere. The atmosphere and 
the hydrosphere display a constant level of 
14C concentration representing a steady state 
of equilibrium which is maintained by the production of new 
14C in the atmosphere on 
the one hand and its decay to 14N on the other. As a result, plants and animals which 
incorporate carbon through photosynthesis and the biological food chain (Figure 2.1) are 
also in equilibrium with the 14C concentration in the atmosphere. However, when the 
plants and animals die, the absorption of 
14C stops and the level of 14C decreases due 
to its radioactive decay. If the radiocarbon activity of the living tissue is known, then 
the activity of the dead plant can be used to establish the time that has elapsed since its 
death. This is known as the radiocarbon age of the sample. 
14C decays according to the law of radioactive decay by emission of a weak negative 
beta particle (160 keV) with the formation of 
14N: 
t4c ---1' t4N + B 
The activity of a sample extracted from an animal or plant that died t years ago can be 
expressed ( e.g. Aitken, 1990) as: 
A= A0 exp (-t / 8267) (2.1) 
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Figure 2.1. Origin, distribution and decay of 14c. 
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where A is the measured 14C activity of the sample (in disintegrations per minute per 
gram of carbon, dpm/g) and A0 is the activity of 
14C in the same specimen at the time 
the plant or animal is alive (t = 0). 8267 years is the mean life or the lifetime ( 7) of 
14C 
and is related to the half-life as: 
t 112 = ln(2) 7 (2.2) 
The best estimate of the specific activity of 14C in equilibrium with the atmosphere is 
13.56 ± 0.07 dpm/g and the most accurate half-life of 14C is 5730 ± 30 years (Mook and 
Waterbolk, 1985). 
The radiocarbon age (t) can be expressed in relation to A/A0 (Aitken, 1990): 
t = - 8267 ln (A/ A0) (2.3) 
The value of A0 is determined by each radiocarbon laboratory for its equipment by 
measuring the activity A
0
x of an oxalic acid ((COOH)2 2H20) standard prepared by the 
National Institute of Science and Technology of USA. The actual A0 which is used in 
age calculations is 0.95 A0x (Aitken, 1990). 
As mentioned above, the best estimate of the half-life is 5730 years. However, all 
radiocarbon ages determined before had been calculated with a previously determined 
half-life of 5568 years. In order to maintain continuity, all radiocarbon ages reported by 
journal 'RADIOCARBON' are based on the old half-life and the term "before present" 
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(BP) takes reference to the year 1950. 
2.2.1. Fractionation 
14 
Although plants incorporate carbon exclusively from the atmosphere, actual 
14
C activity 
of plants is lower by 3 or 4% (equivalent to an excess age of 240-320 years (Aitken, 
1990)). This arises from the fractionation caused by metabolic processes in plants and 
animals. These processes slightly change the initial 14C activities in different kind of 
samples owing to small differences in physical properties of the carbon isotopes ( size, 
atomic weight and reaction rates). Plants generally becomes enriched in 12C and are 
hence depleted in 13C and 14C. Similarly, chemically or biologically precipitated carbon 
in calcium carbonate (for example shells, and in corals) have different isotopic 
compositions. The isotopic composition of carbon in a sample is expressed by means of 
the o13C parameter which is defined as: 
(13C/12C)sample - (1 3C/12C)standard o13C = ------------
( 
13C/1 2C)standard 
(2.4) 
the isotopic fractionation of 12C and 14C is about 2.3 times greater than 12C and 13C 
(Saliege and Fontes, 1984) but by international convention, a fractionation factor of 2 
is used. The most widely used 13C/12C standard is the PDB and is prepared from 
belemnite of the (Cretaceous) Peedee Formation of South Carolina. In addition, all 
conventional 14C dating results have the same reference value for o13C (-25 °/00) and 
are corrected as follows: 
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Aco, = A (1 - 2 (O"C + 25) 
1000 ) 
(2.5) 
where A and Acor are measured and the corrected activity values. The variations in 
the apparent 14C ages in different kinds of samples due to isotopic fractionation is 
shown in Figure (2.2). For example, large corrections are needed for C3 plants (such 
as corn, cane and semi-arid grasses) but no correction is needed for marine 
carbonates since the isotopic standard is a marine carbonate. 
2.2.2. Residence times and mixing rates of 14C 
Radiocarbon samples which obtain their carbon from a source ( or reservoir) other 
than the atmosphere may yield what is termed apparent ages. Aquatic plants living in 
lakes within limestone areas may use dissolved CO2 or bicarbonate derived from old 
carbonate rock. This invokes what is known as "hard water" or "limestone dilution" 
effect and may typically add between 200 and 1200 years to the correct age of 
samples (Peglar et al., 1989). This effect is also observed in terrestrial shells such as 
land snails, where numerous 14C determinations have produced anomalously old ages 
(Tamers, 1970; Evin et al. , 1980; Burleigh & Kerney, 1982 and Goodfriend & 
Stipp•,{, 1983). Old carbon can also be incorporated into the shell from the bacterial 
breakdown of old humic material which can be incorporated into the food chain 
(Keith and Anderson, 1963). 
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Compared to a terrestrial sample, such as a tree, marine organisms will have an apparent 
age offset of about 400 radiocarbon years (Stuiver and Braziunas, 1993). This is due to 
delay in exchange rates between atmospheric CO2 and the bicarbonates in the ocean and 
involves dilution caused by the mixing of surface and upwelling deep waters containing 
low 14C activities. Therefore, the activity of marine CO2 samples is lower than that for 
corresponding atmospheric samples. This is known as the "marine reservoir effect". 
Reservoir correction factors for estuarine and fresh water shells show much greater 
variation than those for marine shells (Head, 1990). Furthermore, terrestrial radiocarbon 
results for the southern hemisphere are 30 radiocarbon years older than those in the 
northern hemisphere. This is due to the delayed mixing within the atmosphere. 
2.2.3. Changes in the atmospheric 14C activity with time 
The major assumption for radiocarbon dating, that the production of 
14C in the 
atmosphere reaches a steady state and that the radioactivity of all living organisms was 
constant at all times was found to be only an approximation of the true situation. 
The following effects have influenced the 14C concentration: 
(i) Suess effect: since 1890, the industrial revolution resulted in large amounts of CO2 
being emitted into the atmosphere. Since the radiocarbon in oil and gas has 
already completely decayed, the produced CO2 is free of 
14C. As a result, the 
14C abundance in the atmosphere has been decreasing by 0.03% annually 
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(Tans et al., 1979). 
(ii) Bomb effect: nuclear testing, the use of accelerators and nuclear reactors have 
opposite, but a more pronounced effect: they produce neutrons which also 
interact with 14N to produce 14C. The concentration of atmospheric CO2 has 
increased since 1955 with a maximum around 1963-1965. This is now 
rapidly decreasing (Figure 2.3) due to the delayed incorporation of the 
excess 14C into the oceans. 
(iii) Changes in cosmic ray flux: de Vries (1958) showed that the 
14C activity of wood 
samples between 1700 and 1500 AD was about 2% greater than in the 19
th 
century. This has been attributed to changes in 14C production due to solar 
activity ( de Jong and Mook, 1980, Bard et al, 1993). 
In principle, the production of 14C in the upper atmosphere is dependent on neutrons 
generated by the inter-action of high energy cosmic radiation on atoms in the upper 
atmosphere. This neutron flux is influenced by (a) changes in the solar activity (Stuiver, 
1978; Tans et al., 1979 and de Jong and Mook, 1980) and (b) variations in the Earth' s 
magnetic field which modulates the neutron flux (Bucha, 1970). 
Due to the fluctuations in the atmospheric 14C activity with time there is a need to 
translate the 14C ages (BP) into calendar years (calibrated ages). For this, international 
studies were carried out on wood samples by comparing 14C ages with 
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Figure 2.3. Bomb induced atmospheric 14C concentration ( expressed as D
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dendrochronological ages. At least 20 different calibration curves are now available. 
Stuiver and Pearson (1986) and Pearson and Stuiver (1986) have produced high-
precision results on wood samples which led to the establishment of a calibration curve 
for the last 4400 years. Pearson et al. (1986) extended this curve further to about 7200 
BP. A calibration further back to about 13,000 BP has been based on the dating of 
Scandinavian varves (Tauber, 1970). This has been extended to about 22,000 years 
(18,400 BP) based on the so-called extended 
14C data base and revised calib 3.0 14C age 
calibration program by Stuiver and Reimer (1993). It can be seen from these calibration 
curves that ( a) radiocarbon ages usually underestimate the correct age, especially before 
3 ka BP, by about 0.8 and 1.5 ka at 6 and 10 ka BP, respectively (this cannot be 
attributed to the incorrect half life of 5568 ±30 years since this effect is of the order of 
3 % ) ; (b) when using the calibration curve, the conversion of conventional radiocarbon 
ages may yield several calibrated results. Figure 2.4. shows a plot of 
dendrochronologically derived calendar ages (BC/AD, BC are shown as negative 
numbers) vs conventional radiocarbon age BP together with its error envelope. 
A new calibration has been carried out on corals which were dated by U-series and 
14C 
using mass spectrometry (which leads to very small errors in U-series dating; Bard et 
al., 1993). This allows calibration in the 10 to 30 ka range. At around 20,000 years there 
is a discrepancy of up to 3,000 years. This is due to the decrease in the intensity of the 
Earth 's magnetic field between 10 to 20 ka causing a weaker shielding against cosmic 
rays and therefore an increase in production of cosmogenic nuclides including 
14C. 
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However, the exact magnitude of this discrepancy is open to discussion given new data 
recently published (Burr et al., 1996). 
2.2.4. Measurement of the 14C activity in a sample 
Classical 14C age determinations are based on the measurement of the rates of 
14C 
activity in the samples by either gas proportional counting of CO2 or liquid scintillation 
counting using benzene. Choice of chemical preparation depends on the type of counter 
adopted. 
Samples are usually measured for at least 1000 minutes and up to a maximum of one 
week. Many laboratories wait for 4-6 weeks after chemical preparation for decay of the 
radon in the sample. In the case of liquid scintillation counting, the benzene synthesised 
from the sample is mixed with a scintillant. The £-particles from the 
14C interact with 
W't 4f\ )" 
this scintillant by emission of t:,_ photo~ which e\rt detected by a photomultiplier. For 
further details of scintillation counting see Gupta and Polach (1985). · 
Purser et al. (1977) reported on a new technique of 14C measurement by accelerator 
mass spectrometry (AMS). The 14C concentration is measured instead of the 
14C decay. 
During pretreatment the samples are converted either into CO2 or into graphite. 
The main advantage of AMS over conventional B counting is the high sensitivity and 
smaller sample size required for measurement (Nelson et al. , 1986). Though it was 
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thought that it might be possible to extend the radiocarbon range much further than 50 
ka with AMS, it was not successful due to problems of contamination during sample 
preparation, and machine stability. 
2.2.5. Contamination 
A major problem with radiocarbon dating is the contamination with carbon which is 
either modern or dead, containing no 14C (Table 2.1). It can be seen that even very high 
contaminations with "dead carbon" cause only small age uncertainties which are not age 
dependent. In contrast, contamination of samples with modern carbon causes 
underestimations which increase with the age of sample (Polach and Golson, 1966). For 
example, if a sample with 14C age of 20,000 years is contaminated by 20% of modern 
carbon (pre-bomb level), this will result in an apparent age of 10,000 years while the 
same sample contaminated with 20% of old ( dead) carbon will give an apparent age of 
21,000 years (Table 2.1). 
2.2.6. 14C dating of shells 
In many archaeological studies shells may be the only material available for dating. 
Therefore, it is of considerable importance to investigate whether shells can be used for 
accurate dating. 
~ 
........... 
True sample Apparent age (a) after contamination by old carbon 
age (a) 
5% 10% 20% 50% 
500 900 1300 2,200 6,000 
5,000 5,400 5,800 6,700 10,500 
10,000 10,400 10,800 11,700 15,500 
20,000 20,400 20,800 21,700 25,500 
True sample Approximate age (a) after contamination by modern carbon 
age (a) 
1% 5% 20% 50% 
5,000 4,950 4,650 3,700 2,100 
10,000 9,800 9,000 6,800 3,600 
20,000 19,100 16,500 10,600 5,000 
30,000 27,200 21,000 12,200 5,400 
100,000 37,000 24,100 12,900 5,568 
Table 2.1. Effect of sample contamination on the true sample age with old carbon 
(top) and modern carbon (bottom) (from Polach and Golson, 1966). 
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Molluscan shells consist of a protein base ( conchiolin) which is impregnated with 
inorganic salts. The inorganic component is largely calcium carbonate, although in 
manne species a smaller quantity of magnesium carbonate may be included (Head, 
1990). 
Numerous radiocarbon dating studies on shells have given anomalous ages due to 
continuous exchange of carbon with the environment (Craig, 1954; Olsson, 1968, 1974; 
and Thommeret, 1976). Craig (1954) suggested that the only isotopic exchange 
mechanism possible at normal temperatures was the dissolution of the primary aragonite 
of the shell and its recrystallisation to calcite (see also Chappell and Polach, 1972). This 
process can alter the isotopic composition of the carbonate and there by affect the correct 
ages. In recrystallised shells the outer surface may be powdery or show chalky 
appearance (Aitken, 1990). Furthermore, living modern shells are prone to age distortion 
by incorporation of carbon depleted in 14C (limestone dilution effect, Yates (1986)) . 
Furthermore, active exchange has been observed between shell surfaces and air (Head, 
pers. comm.). 
2.2. 7. 14C dating of teeth and bones 
Bones and teeth are constructed from mineral and organic materials. They occur in a 
wide range of archaeological sites and constitute an important component of Quaternary 
deposits. The importance of radiocarbon dating of bones in archaeology was summarised 
by Hedges and van Klink en ( 1992): bones provide a high degree of information with 
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regard to species, cut marks or decoration, are less mobile than charcoal and further 
information is given by bone organics on diet, disease and palaeogenetics. Teeth are 
made up of three constituents: enamel, dentine and cement. Enamel is more crystalline 
and less porous than bones which have a similar composition as dentine. The mineral 
phase of bone is about 40-60% whilst in enamel it is about 96% and comprises 
essentially crystalline calcium phosphate with a structure of hydroxyapatite, 
Ca10(PO4)/OH)2 . The organic matter in enamel is only about 2%, primarily 
phosphoproteins and amelogenins (Boskey, 1981; Le Geros, 1983), whereas of collagen 
in bone is built from about 18 amino acids, predominantly proline, hydroxyproline, 
glycine and alanine (van Klinken and Mook, 1990). 
Diagenesis of calcified tissues is affected by: (i) the nature of the original structure, (ii) 
the post mortem environment and (iii) fossilisation time (Lee-Thorp, 1989). During 
fossilisation, disintegration of the mineral phase and change of the amorphous phase to 
hydroxyapatite have been observed (Newesely, 1989) in addition to formation of new 
materials such as brushite, vivianite and calcite (Piepenbrink, 1989). The organic 
component collagen can be digested by bacteria and fungi (Ascenzi, 1969). 
An increase of crystallinity of bone and teeth with fossilisation has been demonstrated 
by many researchers (Hassan, 1975; Hassan et al., 1977; Schoeninger 1982; Sillen, 
1986). According to Sillen (1989), the increase in crystallinity is due to crystal growth 
and /or recrystallisation. Hassan (1975) suggested that bone apatite underwent a gradual 
change during fossilisation from a dahllite type of apatite (low CO/-, low F-) to 
francolite (high CO/-, high p- apatite). The incorporation of diagentic carbonates is seen 
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by the formation of calcite. However, if F is incorporated there is a increase of 
crystallinity and a decrease of solubility (Le Geros and Tung, 1983). Due to its high 
mineral contents, enamel is less affected by diagenesis than bones (Lee-Thorp, 1989). 
However, it has not been demonstrated that enamel is suitable for 
14C dating. Recent 
studies of Hedges et al. ( 1995) show that all samples seemed to be contaminated with 
at least 6% modern carbon ( compare Table 2.1 ). 
14C dating of bones is usually carried out on collagen (Stafford et al. , 1987; 1991 ), 
although specific amino acids of bones, such as proline and hydroxyproline, are more 
likely to give correct ages than is collagen (Aitken, 1990). The apatite fraction of bones 
gave clear age underestimations (Berger et al. , 1964; Tamers and Pearson, 1965). Later 
studies disclosed that erroneous results were due to recrystallisation and/or surface 
exchange (Haynes, 1968). Studies to separate this diagenetic fraction were carried out 
(Hassan, 197 5; Hassan et al. , 1977) and encouraging results were obtained for thermal 
release method (Haas and Banewics, 1980) as well as for etching with acetic acid (Lee-
Thorp et al. , 1989). However, no study has so far demonstrated a reliable separation of 
biogenic and diagenetic carbonates (Stafford et al. , 1991 ; Hedges and van Klinken, 
1992). 
2.3. "Trapped charge " dating methods 
Trapped charge dating (TCD) methods utilise the time-dependent increase of charge 
defects in non conducting solids such as quartz, feldspar, zircon and calcite due to 
.......... 
-
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interaction with ionising radiation of a, B, 'Y and cosmic rays. 
28 
Insulating minerals have two energy levels ( separated by a so called forbidden zone) at 
which electrons may occur: the valance band (ground state) and the conduction band 
(excited state) (see Figure 2.5). When a mineral is formed or reset (due to heat, exposure 
to sunlight or shear stress) all electrons are in the ground state. Natural ionising radiation 
causes electrons to be transferred to the conduction band, leaving positively charged 
holes behind near the valance band. Most of the electrons recombine with the holes but 
some may be trapped by impurities in the natural minerals. The life time of trapped 
electrons may be in excess of millions of years. Trapped electrons can be released by 
heating; some recombine with the holes that are luminescence centres and light is 
emitted. This process is known as thermoluminescence (TL). Trapped electrons can also 
be released by exposing the sample to light. Upon recombination with luminescence 
centers, light emission is observed and this process is called optically-stimulated 
luminescence (OSL). In ESR (electron spin resonance) spectroscopy, trapped electrons 
are directly detected without the necessity to remove the electrons from the traps. 
The techniques of TL/OSL and ESR can be grouped within a larger context of "radiation 
damage" or "trapped charge" dating methods while the TL and OSL can be grouped as 
luminescence dating methods. 
The magnitude of the TL/OSL/ESR signal intensity is proportional to the number of 
trapped charges, which in turn is proportional to the radiation dose to which the sample 
has been exposed and to the time elapsed since the traps were last reset. An age can be 
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Figure 2.5. Trapping scheme of electrons in insulating minerals. The trapped 
electrons can be directly detected by ESR (left). The right-hand figure shows 
that subsequent heating or exposure to light releases the trapped electrons 
and light emission, thermoluminescence or optically stimulated luminescence, 
can be observed (from Grun, 1996). 
I 
JI 
II 
I · 
I·' 
ii 
I 
~1: 
II 
I ' 
I 
'I 
111 
I ti ' 
~ 
Chapter 2: Dating Methods 
calculated from the relationship: 
T e • • 
DE= J
0 
Ddt ~ if D constant T = DE/ D 
• 
30 
(2.6) 
where DE is the dose the sample has received, D the dose rate and T the age. The dose 
required to produce a signal that matches the natural signal is known as equivalent dose 
(DE): the term 'equivalent' is used because it is determined with B or -y rays and is the 
B or -y equivalent of the natural mixture of a, B, -y and cosmic rays. The SI unit of 
• 
absorbed energy dose is the gray (Gy). The dose rate (D) which is not necessarily 
constant over time, depends on the concentration and distribution of radioactive elements 
(U, Th and K) in the sample and its surroundings plus a component of the cosmic 
radiation. The dose rate is usually given as average dose rate per year in units of grays 
per year (Gy/a). 
2.3.1. Methods of DE estimation 
The DE-value can be estimated by the construction of a dose response curve, DRC (see 
Figure 2.6): aliquots of the sample are irradiated with defined B or -y doses and the plot 
of signal intensity vs dose ( dose response curve) is used for the determination of the DE 
value. The shape of the DRC has been described as polynomial (Readhead, 1984), 
saturating exponential (Huntley et al., 1988; Brumby, 1992), saturating exponential plus 
linear (Berger, 1990). 
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Figure 2.6. Possible methods for determining the past radiation dose DE: (a) 
additive dose technique; (b) regeneration technique; ( c) partial bleach technique; 
(d) and (e) slide method (from Griin, 1994). 
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The following effects may interfere with the correct estimation of the DE-value: 
Supralinearity: the initial (in the range of 1-5 Gy), non-linear growth of the signal 
intensity vs B or 'Y dose is known as supralinearity. This effect has been observed for 
samples in TL studies but it has only been rarely reported in ESR dating studies (Hennig 
and Orlin, 1983). Supralinearity can be can be determined by zeroing the sample in the 
laboratory and constructing a second DRC (Aitken, 1985). 
Saturation: when all the available traps are filled, additional irradiation cannot increase 
the signal intensity (Grun, 1989a). 
Thermal stability: electrons have only a limited probability of staying in the traps. After 
certain period of time (mean life), 63% of an original population of trapped electrons 
will have left the traps. Only if the mean life is at least 10 times greater than the age of 
the sample, can fading be neglected (Hennig and Grun, 1983). 
Anomalous fading: the decrease of signal intensity within a shorter period of time than 
expected from the measurement of thermal stability is known as anomalous fading 
(Wintle, 1973). 
There are basically four methods for the determination of the DE-value (Figure 2.6). 
They are: 
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(1) Additive dose method (Figure 2.6a): aliquots of the sample are irradiated with 
increasing doses and the back-extrapolation to zero or stable, experimentally 
determined residual level, 10, yields the DE-value. 
(2) Regeneration method (Figure 2.6b ): the sample is reset to zero or 10 (by sunlight 
exposure or firing). Irradiation with a increasing doses and projection of the 
natural luminescence intensity on the regenerated DRC yields the DE-value. 
The regeneration method (Berger, 1988; Aitken, 1985) method is suitable for 
dating of old as well as young sediments because there are little uncertainties 
arising from DRC extrapolations. However, the method suffers from 
sensitivity changes and the regenerated DRC may different from DRC the 
sample has experienced in nature (Rendell and Townsend, 1988; Berger, 
1988). This may result in age underestimations (Zoller, 1996). The 
sensitivity change can be investigated by comparing the slopes of the DRC 
obtained by the additive-dose method with the regenerated DRC (see Slide 
method below). 
(3) Partial bleach method (Figure 2.6c): the DE-value is determined from the intersection 
of the additive DRC and a second DRC generated by exposing the natural 
and irradiated samples to a light source for a relatively short time (Wintle 
and Huntley, 1982). The partial bleach method is useful when the samples 
are suspected to be incompletely bleached i.e. the natural 10 value is higher 
than the one obtained during laboratory bleaching. 
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(4) Slide method (Figure 2.6d): Readhead (1982, 1988) introduced a combination of the 
additive dose and the regeneration method for the determination of dose (for 
the refined method see Prescott et al. , 1993). In addition to the first DRC, 
a second, regenerated DRC is generated which partly overlaps the additive 
dose curve. If no sensitivity changes occur, the DE-value is given by the 
horizontal distance between the two curves. If there is sensitivity change, the 
Bu¾: ..,It~ .,,..,·,;,..~~6r, of -+1,,is t,,,,~.ff16J 
regeneration section is re-scaled 2.6 (e).LUse _of the slid~ ~et!iod has two 
Pv-~f¥-t-6 ~j-ce.t t\.t\}' 'S&..Mpll!t w•""" SLn~d-,v.r'1 ~1'~~-s. 
major advantages in that (i) it can account for sensitivity changes and (ii) it 
is basically independent of any mathematical curve fitting model. 
In addition to the above methods of DE-determination, two single-aliquot luminescence 
techniques have been proposed by Duller ( 1991) using K-feldspars from sediment for 
infrared stimulated luminescence (see below). This method can also be applied for TL. 
2.3.2. Dose rate determination 
In order to determine the age of a sample, the dose rate must be determined as 
accurately as possible. a , B and 'Y rays have different degrees of sample penetration 
(Figure 2.7). The penetration depths in a matrix of density 2.5 g/cm
3 of a-particles (He 
nuclei) emitted from the uranium and thorium series are in the range of 23 to 28 µm, 
respectively (Aitken, 1985). The high ionisation of a-particles saturates all available 
traps along its path and, hence, most ionised electrons are not trapped. Therefore, a rays 
are less efficient in producing trapped electrons than B and 'Y rays. This is expressed as 
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Figure 2.7. Source of dose rates for quartz grains (after Geyh and 
Schleicher, 1990). 
35 
Chapter 2: Dating Methods 36 
a-efficiency or k-value which ranges from 0 to 1. For shells an a-efficiency value of 
0.1 (Radtke et al., 1985) and for bones a value of 0.15 for the signal at g=2.0018 (Grun, 
1985) was assumed for this study. I3 and 'Y rays have an average range in a matrix with 
density of 2.5 g/cm3 of about 2 mm and 30 cm, respectively. The methods of dose rate 
estimation can be separated into field and laboratory techniques. The most common field 
method is the insertion of a dosimeter (CaSO4.Dy ) at the sample site for at least one 
year to determine 'Y and cosmic dose rates. Portable 'Y ray spectrometers and 
scintillometers are now increasingly used to measure the in situ 'Y and cosmic ray dose 
rates (Murray, 1981; Prescott and Hutton, 1988) as measurements can be done fast. 
The laboratory techniques used are, for example, thick source a-counting (TSAC) and 
inductive coupled plasma emission spectroscopy (ICP-MS) for the measurement of 
uranium and thorium; flame emission spectrometry or atomic absorption spectrometry 
for the assessment of potassium; delayed neutron activation analysis (DNAA) for the 
determination of the uranium concentration while neutron activation analysis (NAA) can 
be used to determine all three components. The concentrations of individual nuclides in 
the uranium and thorium decay chains can be estimated with high-resolution a or 'Y 
spectrometry (Aitken, 1985). If disequilibrium in the 238U chain is detected, a correction 
can be applied to the dose rate calculations (Murray and Aitken, 1988). For further 
reviews of these methods see Hutton et al. (1985), Hutton and Prescott (1992) and 
Prescott and Hutton (1987, 1988). Table 2.2 shows the contributions of individual 
• 
nuclides of U, Th, K and Rb to the total dose rate. The calculation of D is strongly 
dependent on the particulars of the sample dated and its environment and is discussed 
separately in each application section. 
Table 2.2. Released dose rates per ppm U (2380: 2350 = 138: 1) and Th, 1 ¾K and 
100 ppm Rb (after Nambi and Aitken, 1986). 
Decays Dose rates (µGy/a) 
Alpha Beta Gamma 
23su_206Pb 2658 143 112 
234U_ 206Pb 2398 88 110 
230Th-206Pb 2103 87 110 
226Ra-206Pb 1814 86 110 
222Rn-206Pb 1517 86 109 
235U_201Pb 124 4.1 1.9 
231pa_201Pb 109 3.5 1.3 
DU-238 +DU-235 2781 147 114 
232Th-20spb 738 28.6 52.1 
40K 814 242 
s1Rb 46.8 
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2.3.3. TL dating of sediments 
38 
TL dating was originally developed for pottery and burnt stone (Aitken, 1985) and first 
applications of sediment dating were carried out by Wintle and Huntley (1979; 1980). 
TL has been applied to aeolian sediments up to an age of 800 ka with a precision of 
about 10% (Huntley et al., 1993; Wintle, 1993; Singhvi and Mejdahl, 1985; Zoller and 
Wagner, 1989). 
Compared to TL dating of burnt materials, the major drawback of sediment dating is that 
even after long exposure to light, a sizeable fraction of the TL remains ( residual TL) and 
complete zeroing of the TL signal never occurs. For the correct age estimation, the 
residual TL intensity, I0, must be determined. The natural TL glow curve produced by 
quartz consists of a series of peaks at about 160, 220, 325, 370 and 500 °C (Figure 2.8). 
Only peaks at 325 and 370 °C are sufficiently stable and long lived at ambient 
temperatures for Quaternary dating applications. TL peaks below 250 °C are too short 
lived and above 450 °C they are dominated by black body radiation. Figure 2.9 gives 
an illustration of the trap depth and the glow peak temperatures. The trap depth or 
activation energy controls the thermal stability of the trapped electrons. In TL dating 
only the high temperature parts of the (250-450 °C) TL glow curves are used. 
The residual TL is determined in the laboratory by exposing the sample to sunlight or 
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Figure 2.8. Typical glow curves showing the growth of TL in natural quartz 
sample (90-125 µm) for various added beta doses (from Spooner et al., 1988). 
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a sunlight simulator for different periods of time. It is often assumed that sediments are 
bleached to a residual level before deposition. Godfrey-Smith et al. (1988) studied the 
effect of sunlight exposure on quartz and feldspar grains and found that after 20 hours 
the TL signals were reduced by an order of magnitude and after this time the signal 
reached a residual level with no further reduction. 
As shown in Figure 2.10 the 325 °C and 3 70 °C glow peaks used for dating of quartz 
behave differently to bleaching (Spooner et al. , 1988). The 3 70 °C peak is bleached 
slowly by wavelengths less than 400 nm (UV light), and even after 20 hours of exposure 
it may retain 20% of its natural TL. The 325 °C peak is bleached by all wavelengths up 
to 700 nm (UV and visible) and can be bleached fully in less than a minute. Therefore, 
the 325 °c peak is ideal for dating even fluvial deposits as it can be rapidly and 
effectively reset under water which does not transmit UV light (Spooner et al. , 1988). 
The presence of surface impurities such as oxides or organic coatings can hinder 
bleaching by sunlight (Singhvi et al. , 1986). If this is not taken into account it leads to 
age overestimations. 
In addition to the choice of the glow peak for dating, the choice 1" ~ ~£-:t of emission 
wavelength is also important. For example, DE-values obtained on large grain K 
feldspars have been found to vary as a function of the choice of emission wavelength 
(Balescu and Lamothe, 1992). Figure 2.11 shows the emission spectra for two feldspar 
samples. If a particular combinations of bands are sampled via broad-band filters , 
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Figure 2.10. The energy required at selected wavelengths to reduce the natural 
glow peaks for the 370 °C and 480 °C TL peaks, and complete removal for the 
325 °C TL peak (from Spooner et al, 1988). 
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Figure 2.11. Natural TL emission spectra of two potassium feldspar samples 
(from Rendell, 1995). 
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In order to obtain accurate age estimates for archaeological sites, the correct estimation 
of the annual dose received by the sample in antiquity is required. In luminescence 
dating of sediments, the dose rate can be expressed ( e.g. Aitken, 1990) as: 
e e I e I • e 
D=Da+D13+D'Y+Dc ( 2.7) 
• I • I • • 
where D a and D 13 are the effective dose rates due to a and B radiations, D 'Y and D c are 
the external 'Y and cosmic dose rates, respectively . 
• I • 
Da = k Da (2.8) 
• I • 
where D a and Da are the effective and actual dose rates due to a radiation and k is the 
a efficiency. It can generally be assumed that the concentrations of radioactive elements 
in quartz are negligible (Aitken, 1985), therefore only external dose sources have to be 
considered. The removal of 6 µm of 107.5±17.5 µm grains reduces the average external 
a dose rate to about 3 and 5% of the infinite sediment dose rate for U and Th, 
respectively. Therefore, the concentration of the external a dose rate is often negligible. 
• I • 
D13= G13 D 13 (2.9) 
where 0 13 is the B attenuation factor (see Mejdahl, 1979). 
For the grain size of most samples in this study (107.5±17.5 µm) the B-attenuation 
factors for U, Th, and Kare 0.949±.007, 0.795±.018 and 0.863±.012 respectively (see 
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Mejdahl, 1979). 
Corrections have to be considered for the effect of moisture on a , B and 'Y dose rates 
since the absorption coefficient is higher for water than for sediments. The corrections 
for the dose rates due to moisture is given as: 
• • 
Dw=WDo (2.10) 
• • where Dw and Do are the dose rates for wet and dry sediments and W is the water 
attenuation factor. 
W = 1/ (l+HX) 
weight of water 
where X = ---------
weight of dry sediment 
(2.1 1) 
and H is the water correction factor and Ha= 1.50, H8 = 1.25 and H'Y = 1.14 
(Bowman, 197 6). 
The effect of cosmic rays is dependent on the latitude, altitude and the thickness of 
the covering sediments (Prescott and Hutton, 1988, 1994). 
Dose rate calculations become more complicated when disequilibrium is detected in the 
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U and Th decay chains because of the leaching of individual nuclides. When the 
radioactive chain is in equilibrium, activities of all individual nuclides are same (Prescott 
and Hutton, 1995). For example, the loss of gaseous 
222Rn lowers the dose rate, and, if 
unaccounted for, will give a lower dose rate and overestimation of luminescence ages. 
Prescott and Hutton (1995) have stressed the need to determine whether the 
luminescence dose rate was constant during antiquity and, if not, to make the necessary 
corrections. 
2.3.4. OSL dating of sediments 
OSL or optical dating differs from TL dating only in the means of the measurement. 
The zeroing mechanism is triggered by sunlight. In 1985, Huntley et al. demonstrated 
the possibility of using OSL to determine the equivalent dose (DE) of quartz grains and 
therefore the depositional age of sediments. 
The basic principle of OSL dating is that electrons can be dislodged from their traps by 
light of a particular wavelength. When quartz grains were exposed to green light (514.5 
nm), for example from an argon ion laser, it was found to emit luminescence (Figure 
2.12a). Godfrey-Smith et al. (1988) demonstrated the advantage of OSL over TL dating 
of quartz and feldspar grains where very short exposures of few minutes of sunlight are 
sufficient to zero the OSL signals completely. 
Hutt et al. ( 1988) and Hutt and Jaek (1989) demonstrated that it is possible to use 
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Figure 2.12. Stimulation and detection wavelengths in OSL (a) green laser 
stimulation (from Spooner, 1992); (b) broad band green light stimulation 
using a halogen lamp and optical filters (BJ:Jtter-J ens en and Duller, 1992) 
and (c) infrared stimulation using light emitting diodes (from Duller, 1992; 
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infrared light with an energy of 1.4 e V ( around 800-900 nm) to stimulate feldspar grains 
(IRSL), see Figure 2.12c, while quartz showed no response under the same conditions. 
The use of IR diodes made the construction of a simple cheap stimulation source 
possible (Spooner et al., 1990). No IRSL has been reported from pure quartz (Spooner 
et al., 1990) and lack of response to IR stimulation is sometimes used to check the 
purity of quartz sample before OSL measurement (Stokes, 1992). 
The dose rate calculations for OSL are identical to those of TL (see above). 
The disadvantages of OSL are (i) absence of the direct indication of a signal stability 
as given by the TL glow curves (ii) the necessity to preheat the samples to evict 
electrons from shallow traps that are thermally unstable (Aitken, 1992; Rhodes, 1988; 
Stokes, 1992). Further discussions of the advantages and disadvantages of optical dating 
methods are found in reviews published by Aitken, (1992; 1994), Wintle (1993) and 
Rendell (1995). 
2.3.5. ESR dating. 
2.3.5.1. Introduction 
ESR dating has been widely applied in Quaternary dating studies after Ikeya (1975) 
demonstrated the potential by dating a speleothem from Akiyoshi cave, Japan. ESR 
dating has been applied to minerals that are precipitated, such as tooth enamel, bone and 
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secondary carbonates such as shells and speleothems. ESR has also been used to date 
volcanic minerals, faulted material, loess, and flints fired by ancient people. Summaries 
of these ESR applications have been given by Grun ( 1989a, b, 1996), Ikey a ( 1993) and 
Schwarcz (1994). Part of the objective of this study is to investigate the suitability of 
• • :~ 'f''('(. ~ I. )~O { I c_ 
~-~~~!~- bones and shells (land snails, fresh water and marine shells) for ESR dating. 
2.3.5.2. Basic principles 
Trapped (unpaired) electrons created by natural ionising radiation have a magnetic 
moment due to self-rotation (spin). When an unpaired electron is placed into an external 
magnetic field, the vector of the magnetic moment can oriented either parallel to the 
direction of the magnetic field or against it. This corresponds to two energy levels 
(Zeeman levels, see Figure 2. 13). The energy separation increases as the strength of the 
magnetic field increases. The difference between the two energy levels (Li E) is given 
by: 
LiE = gµBH (2.13) 
tes 14-), 
where H is the intensity of the external magnetic field :, . J ::(1 :,--- _ _ , µ8 represents the Bohr ~· magneton (9.274 x 10-24 J w-)-J and g represents the spectroscopic splitting factor, which 
takes into account the electronic environment of the unpaired electrons and is fixed for 
a specific type of a paramagnetic center. For a free electron, the g value is 2. 002319. If 
an external electromagnetic field (microwave) of frequency, v, is applied, flipping of 
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Figure 2.13. Zeeman splitting two energy levels for free electrons (s = 1/2 ) 
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spins from one direction to another will occur at: 
LiE = hv 
where his Planck's constant (6.63x10-34 J s). 
From equation (2.13) and (2. 14) follows the resonance condition: 
gµBH = hv 
51 
(2.14) 
(2.15) 
In practice, the microwave frequency is held constant and the magnetic field is changed 
linearly. In resonance condition, absorption of microwave energy takes place. In order 
to minimise the signal to noise ratio, microwave absorption is measured as a first 
derivative (ESR signal). For further discussion on the physical basis of ESR 
spectroscopy see Grun (1989a). 
The main advantage of ESR for archaeological dating is that it measures the trapped 
electrons directly, requiring neither their untrapping nor their recombination with another 
center, thus eliminating at least one source of error. This also permits repeated 
measurements on a single sample, thus allowing for re-checking of anomalous fading. 
The appearance of the ESR spectrum can depend on sample preparation and 
measurement conditions. For example, in the case of aragonite mollusc shells, in order 
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to extract the stable signal at g=2.0007 from other unstable signals, samples are 
measured at high microwave power (Figure 2.14) of 100 mW in order to suppress the 
unstable signals (Molodkov, 1988). This can also be achieved by a Q-band spectrometer, 
but these spectrometers are not commonly available. Grinding also causes some surface 
defects which give rise to sharp signals at g=2.0001 upon radiation in some materials. 
Etching with weak acids, can remove these surface defects ( see Grlin and DeCanniere, 
1984). Thus it is clear that sample preparation and measurement conditions have to be 
known in order to assess the quality of the ESR measurements. 
2.3.6. ESR dating of shells 
ESR dating of shells was first reported by Ikeya and Ohmura (1981). Since then many 
studies have been reported (Katzenberger and Grlin, 19 8 5; Radtke et al. , 19 8 5; Radtke, 
1989; Molodkov, 1988, 1993; Imai and Shimokowa, 1993; Skinner and Shawl, 1994). 
Most of these studies have focussed on establishing chronologies of coastal deposits, 
although shells are also found in many archaeological sites. 
In order to determine the DE-value, a suitable signal has to be found. The ESR spectra 
of molluscan shells are complex (Figure 2.14). Several authors have shown ESR lines 
such as g=2.0056, 2.0031, 2.0020, 2.0014, 2.0007 and 1.9976. Signals at g=2.0056 and 
g= 2.0031 are attributable to SO2- and SO3- radicals respectively and they are often not 
radiation sensitive (Grlin, 1989b ). The other ESR lines have been attributed to CO2- and 
co-3 radicals (Barabas, 1989; Barabas et al., 1989; Rossi and Poupeau, 1989) and are 
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Figure 2.14. ESR spectra of aragonite mollusc shells (solid lines: natural 
sample, dotted lines: irradiated sample). A: Radtke et aL (1985), B: 
Katzenberger et aL (1989). and C: Molodkov (1988) (from Grun, 1991). 
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not particularly stable. The signal at g=2.0007 is most commonly used for dating of 
speleothem and corals. It also appears in aragonitic mollusc shells. Its lifetime in 
aragonite has been estimated to be about 500 ka (Schwarcz, 1994). According to Barabas 
et al. (1992 a,b ), this centre is associated with a rotating CO2- radical. Radtke et al. 
(1985) suggested that in molluscs this signal is interfered with by a signal at g=2.0020 
(2.0018) and use of the 2.0014 signal is recommended so as to avoid this interference 
(Figure 2.14a). Katzenberger et al. (1989) recommended to measurement at low 
temperature 145 k (-135 °C) so that a clear signal could be extracted (Figure 2.14b). 
Barabas et al. (1992a) proposed that this signal at g=2.0007 could be used for dating at 
high microwave power (>20 mW) but with limitations. Yoshida (1996) observed thermal 
instability of this signal and recommended this could be removed by annealing at 150 °C 
for 14-15 hours. The thermal behaviour of the signal g=2.0007 may be due to its 
possible association with water molecules (Debuyst et al. , 1990; Katzenberger et al. , 
1989). However, Katzenberger and Willems (1988) reported that, irrespective of 
measurement conditions, DRC' s of mollusc shells showed inflexion points (Figure 2.1 5 
top) which if not taken into account, may lead to erroneous age estimates (Figure 2.15 
below). 
Calcitic freshwater shells have been dated by Molodkov (1993). Their ESR spectra are 
strongly affected by the superposition of very intense Mn2+ signals which mask weak 
radiation-induced lines. The dating has been performed using the g=2.0012 line and a 
phase rotation technique at high microwave power ( 100 mW) to suppress the manganese 
signals and to extract the analytical line. Ninagawa et al. (1985) have also dated calcitic 
Chapter 2: Dating methods 55 
-:J 
-.S! 
.b -·- _..-,,• l/l / 
C: / 
QJ / - ..,..,• C: - / I ct / 
~ • / / 
---✓ -. . ..--
/ • / 
/ . 
I 
I _,_ --. -- . -
•✓ 
,.,--,, - -..--.--.,,.,,. ...... 
/ .... - ,,,,• ,. ... ,, /. 
I I r l 
0 500 1000 dose (Gy) 
--
:J 
c:j 
---:::,.._ -·-l/) 
C: / 
<ll / - / C: / -I / 
Q: _)(_ 
U) ,,.,,.. _. / 
L!J ..,. / _ "" 
/ 
/ ,1 ,, 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
I 
-500 0 500 Dose (Gy) 
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the result of several filling mechanisms. Below: simulation of a data set 
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shell using the signal g=2.0004 (2.0007). According to Ikeya (1993), calcitic shells show 
ESR lines at g=2.0056, 2.0036 and 2.0021. At present there is no consensus among 
workers as to which signal is suitable for DE estimation. Some dating studies give 
promising results for a particular ESR signal for which other studies show unreliable age 
estimates (Kai and Ikeya, 1989; Grun, 1989a; Katzenberger and Willems, 1988 and 
Barabas et al., 1992a). 
• 
In dating of shells another major pro bl ems is the estimation of the dose rate (D). Due 
• 
to U uptake by shells, U uptake models have to be applied to determine D otherwise 
dating of shells with high U concentrations becomes problematic. 
• The dose rate received by a mollusc shell (DmJ has been given by Grun (1989a): 
• • • • 
(DmJ = Cu (I) (k Da + Su_13 D13 + S,, D-y) 
• • 
+ Cu (SED) (W13 (SED) Gu-!3 D13 + W,, (SED) G,, D,,) 
• • 
+ CTh (SED) (W13 (SED) GTh-!3 D13 + w,, (SED) G,, D,,) 
• • • 
+ CK (SED) (W13 (SED) GK-!3 D13 + W,, (SED) G,, D,, + Gcos Dcos (2.16) 
Parameters used in the above equation and the later equations of the dose rate in this 
chapter are defined as: 
Ga,,,, 13, cos= attenuation factors of a , .B , 'Y and cosmic rays 
Sa, 13,,, = self absorption factors for a, .B, 'Y rays 
W a , 13, ,, = correction factors for water for a, .B, 'Y rays 
Chapter 2: Dating methods 
• D a , 13, -Y = dose rate per unit concentration 
• D cos = cosmic dose rate 
• M D-Y, cos = measured 'Y and cosmic dose rate 
k = a efficiency 
C = concentrations of U, Th and K 
suffix (SED) = Sediments 
suffices (U, Th and K) = uranium, thorium and potassium 
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In the case of thick shells where the outer 2mm can be removed that contain the volume 
that recieved external a and B dose rates and if the 'Y dose rate is measured in situ, the 
above equation can be simplified to (Ori.in, 1989a): 
• • • • • • 
Dms = Cu (I) (k DC{ + D13 s'Y D-y) + O'YM D'Y + M Dcos (2.17) 
Corrections to the dose rate have to be carried out due to B attenuation and 
disequilibrium created by the uranium decay chain in the sample. These can be 
calculated according to Ori.in (1986) and equation A-6 of Ori.in (1989a), respectively. 
2.3. 7. ESR dating of bones and tooth enamel 
Fossil bones have been dated by ESR from many archaeological and 
palaeoanthropological sites, such as Sangiran, Mauer, Zhoukoudian and Caune de 
l' Arago (Ikeya, 1993). However, in most cases no independent comparisons have been 
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made with other dating methods. Other studies came to the conclusion that bones are not 
datable with ESR (Orlin and Schwarcz, 1987; Orlin, 1993). This view resulted from the 
facts that bones are poorly crystallised ( 40-60% hydroxyapatite compared to 96% in 
tooth enamel) and that during fossilisation severe alterations have been observed (see 
section 2.2. 7). These processes leads to the formation of new traps, with time and results 
in age under-estimations. Therefore, ESR age estimates of bone have to be considered 
as minimum ages (Orlin, 1996). 
Oduwole and Sales (1991) observed fading of the dating signal of bone due to the decay 
of an overlapping signal from an organic radical ( due to heating), giving rise to 
questionable age estimates for bones. More recently, Oduwole and Sales (1994) reported 
that 'Y irradiation of the tooth enamel and bone resulted in transient signals in addition 
to the dating signal. These transient signals of bone can only be seen after signal 
subtraction as they are overlapped by the much larger dating signal. 
Most ESR dating applications in archaeological contexts have been carried out on tooth 
enamel (Figure 2.16) using the hydroxyapatite signal at g = 2.0018, which has an 
estimated lifetime of the order of 10 million years (Schwarcz, 1985). Ikeya (1985) 
suggested that fluorinization might lead to an underestimation of DE, but Ori.in and 
Schwarcz (1987) argued that only a decrease of the signal will occur. 
The evaluation of the annual dose of tooth enamel is also a major problem for obtaining 
reliable ages. Both bones and teeth show postdepositional U-uptake and this effect 
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Figure 2.16. Structure of mammalian teeth: (A) human tooth with low crown 
(B) high crowned tooth (e.g. horse and bovid); elephant tooth. (D-F): possible 
environments of tooth enamel; (G) S1 and S2 are :::: 50-100 µ.m thick enamel 
layers that ~re removed to eliminate the effect of the external alpha-dose. 
DEl and DE2 denote the organic rich dentine layer (from Griin, 1991). 
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further complicates the dose rate determination. The process of uranium uptake cannot 
normally be exactly determined. Dentine (Figure 2.16) usually accumulates much more 
U than enamel (by a factor of about 20: Grun and Taylor, 1996). For bones and teeth 
three models have been suggested (Ikeya, 1982): 
(1) early U-uptake, EU: a U-accumulation shortly after burial of the tooth; 
(2) linear U-uptake, LU: a continuous U-accumulation; 
(3) saturation model (Ikeya, 1993). 
• The dose received by an enamel layer Den layer sample can be calculated by the 
equations given in Grun (1989a): 
• • • 
Den= Cu (I) (k Da + Su_13 D13) 
• 
+ Cu (DEi) (W 13 (DEi) Gu-B (DEi) Dn) 
• 
+ Cu (DE2) (W 13 (DE2) Gu-B (DE2) Dn) 
• • 
+ Cu (SED) (W -y (SED) D -y + W 13 (SED) G u-13 D n) 
• • 
+ CTh (SED) (W-y (SED) D-Y + Wn (SED) GTh-B D13) 
• • • 
+ CK (SED) (W-y (SED) D'Y + W J3 (SED) GK-J3 D3) + Gcos Dcos (2.18) 
Symbols of the equation are given earlier and suffices DEl and DE2 represent the 
dentine layers on each side of the enamel (Figure 2.16 G). 
If the enamel is not exposed to sediments and the 'Y and cosmic dose rates are those 
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measured in situ, then the equation can be simplified (Grlin, 1989a): 
• • • 
Den= Cu (I) (k DCt + Su-13 D13) 
• 
+ Cu (DEi) (W13 (DEi) Gu (DEi) D13) 
• 
+ Cu (DE2) (W l3 (DE2) Gu (DE2) D13) 
• • 
+ M D'Y + MD COS 
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(2.19) 
Similarly, for bones where the outer 2mm can be removed and the 'Y and cosmic dose 
rates are measured in situ, the dose rate (Dbone) can be represented by the following 
equation: 
• • • • 
Dbone = Cu (I) (k Da + Su-13 D13) + M D'Y + MD cos (2.20) 
However, for teeth and bones corrections to the dose rate have to be carried out for U 
disequilibrium and linear U uptake (Grlin, 1989a). 
If the U-concentration of bones or teeth is low ( <2 ppm) the discrepancy between EU 
and LU ages is less than 10% (Grlin, 1996) but with increasing U-concentrations 
uncertainty increases. In the extreme, the LU model age is twice the EU age estimate. 
The combination of ESR and U series dating has shown how to overcome the problem 
of U-uptake (Grun, 1996). There are archaeological sites where the EU model age seems 
closer to independent age estimates and some U-series studies seem to support this 
model (McKinney, 1991). In other cases, the linear model seems to give more accurate 
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age estimates (Grun and Stringer, 1991). For further details of ESR dating bone and 
tooth enamel from archaeological sites see Grun and Stringer (1991); Grun et al. (1990, 
1991); Grun (1996) and Ikeya (1993). 
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Chapter 3 
Sample Preparation and Measurement 
This chapter presents the chemistry, pretreatment, sample preparation and the 
measurement conditions for the two dating projects outlined in this study. 
3.1. Radiocarbon dating 
The fallowing section describes the sample preparation and measurements carried out 
to date samples by radiocarbon. 
3.1.1. Scintillation counting 
The fallowing pretreatment, sample preparation and measurements are required for 
the dating of samples by liquid scintillation counting. 
3.1.1.1. Pretreatment 
Before the benzene synthesis pretreatment has to be carried out in order to remove 
~ 
-
• 
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any contamination from the dating sample. 
3.1.1.1.1. Charcoal 
64 
External contaminants such as rootlets, were removed by hand picking and the 
remainder was washed with hot 10% HCl, filtered, rinsed with demineralised water 
and dried. If soil humic contamination was suspected, the samples underwent an 
alkali treatment with 2.5% NaOH. The NaOH insoluble fraction was again treated 
with hot 10% HCl, filtered, rinsed with demineralised water and dried. 
3.1.1.1.2. Shells 
All surfaces were cleaned with a dental drill, adhering matter was removed in an 
ultrasonic bath in distilled water. The shells were subsequently rinsed and dried. Acid 
leaching was not carried out because in some cases it may worsen contamination by 
preferentially dissolving the aragonitic component of the unaltered shell, thus 
increasing the proportion of secondary calcite (Vita-Finzi and Roberts, 1984). CO2 
was evolved by dissolution in 10% HCl acid. 
3.1.1.2. Benzene synthesis 
CO2 obtained from combustion (Figure 3 .1 a) is passed over heated CuO ( 6
00 °C) for 
complete oxidation and purified using wet chemical reagents such as AgNO3 to 
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Figure 3.la. Benzene Synthesis Vacuu1n Line: CO .2 Production. 
Figure 3.la. Benzene Synthesis Vacuum Line: Acetylene 
Production. 
65 
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precipitate halides as well as acidic vapour. Oxidising agents, potassium 
iodide/iodine (KI/12) and chromic acid (K2Cr2OiH2SO4), are used to remove 
nitrogen and sulphur compounds, and traps of dry ice/ethanol, to remove any water 
remaining in the gas. CO2 from acid (HCl) hydrolysis of shells does not contain 
impurities that need removal by chemical traps and was dried by two dry ice/ethanol 
traps. The purified CO2 gas was then reacted at 700 °C with molten Li in a stainless 
steel reaction vessel kept under in a vacuum to produce lithium carbide (Figure 3 .1 b). 
2CO2 + 8Li => 4Li2O + 2C 
2Li + 2C => Li2C2 
Li2C2 was kept in the vacuum for 30 minutes for the completion of the reaction. It 
was then cooled and hydrolysed to acetylene gas: 
Li2C2 + 2H2O => C2H2 + 2LiOH 
The acetylene was trimerised to benzene by letting it sublime onto a vanadium 
activated silica alumina catalyst (Figure 3. lc). To recover benzene, the catalyst 
column was heated to 110 °C and benzene collected under vacuum in a dry 
ice/ethanol cold trap (Figure 3. ld). After synthesis, the sample was preferably left for 
3-4 weeks to allow any radon that may be present to decay. 
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Figure 3.lc. Benzene Synthesis Vacuum Line: Benzene Production. 
Figure 3.ld. Benzene Synthesis Vacuum Line: Benzene Recovery. 
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3.1.1.3. fl-counting 
c_5, 5 4\_,d e>·3 tvt.L' 
The 14C activity of benzene(was measured at the ANU by liquid scintillation counting 
(.'l!- .si~f,, n ...... i i~ ,s-•1) 
~ / . J 
(Gupta and Polach, 1985). The scintillant, dry powder butyl-PDB~ was dissolved in 
the benzene of the samples and transfered to a copper-teflon counting vial,. The B-
decay produces photons in the scintillant which were detected by photomultiplier 
tubes, producing a voltage pulse proportional to energy of the detected photons. 
Guard detectors suftess random events which are not due to sample B decay. The 
samples were counted using a Quantulus scintillation counter which has automatic 
(.5 e ~ Ci"- pt'- o.--n ~ Pc, t, ~ k C 1 e, 1-s-) 
data validation/ and age calculation programs. The o13C value of each sample was 
determined by a Europa Scientific 20-20 mass spectrometer. The 14C age was 
calculated from the sample and its o13C ratio (see section 2.2.1). This date is the 
conventional radiocarbon age (Stuiver and Polach, 1977). For further details of 
sample pretreatment, benzene synthesis and 14C activity measurements at the ANU 
see Gupta and Polach (1985). 
3.1.2. AMS 
This section describes the the pretreatment and sample preparations carried out for 
AMS dating. 
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3.1.2.1. Pretreatment 
Pretreatments carried out for different samples in this study for AMS are described in 
this section. 
3.1.2.1.1. Shells 
For AMS dating of shells, sample pretreatment was similar to that used for 
conventional dating. CO2 was evolved by dissolution in concentrated phosphoric acid, 
in a specially designed vessel with a side arm so that the acid and shell material were 
separated while the vessel was initially evacuated. After sealing, the vessel was tipped 
so that the phosphoric acid could be added to the shell material. The vessels were 
placed in an oven at 60 °C until all reaction ceased. 
3.1.2.1.2. Bones 
Bone samples were first cleaned with a dental drill to remove surface contaminants 
and then cleaned in de-ionised water and dried in an oven at 50 °C. The dried 
samples were next crushed and sieved. The size fraction > 0.3 mm was collected for 
dating. This fraction was treated with ZnBr2 solution to remove organic contaminants 
by floating. Unfloating material is collected and dried at 50 °C for 1-2 days. The 
dried material was subsequently treated with 50 % acetic acid to remove secondary 
~ 
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carbonates from the apatite fraction (Haynes, 1968). The residue was cleaned with 
de-ionised water and dried and finally treated with lM HCl to collect CO2 (apatite 
51;~'h.t--l'j b"t"".,...,"'ish ••"' t.ol.u".,.-, ~"'J 6.f lo\\1,..~<..V'I0\1-...S 
fraction). The remaining residue;k7as washed with deionised water and dried for 
°" f I> ~H ~ l e } , 
combustion (organic fraction). J\.,<.. 4rt..'-t..½-~ 0 ~ w ;,t" ho"'~. C..'--v bo"#..1~ ~ J t\c\ 'S,. <"'~,r:ld 
O""-t O°I' o.. -<~l.U.""-" \.,t\c \.\S••~1 o... ~C!...._\Ld Ac, WV\ Vc.--r..tu,~ o} ""-<- ~~J -Lvo\"'-.+-,o""'-
.f-1,.s It .i~sc-:-, MJ ·," (A.-,t-o.. fA.V'\J. p 0 J-..c..L l.11i->)· ~ ~\t.tv-ry ,.f l~<.. be,"'~ t>.._J~. 
~.s p1Accd ,vt'\, 0\.. l:>of-1-ot- fr ... s.rc .. At.o-p .d-<orP'"~ 1""-hnL\ hJ;.u'\ ~ ra'cJL-..VW\ 
~lhc..,·,...,, Vo...t.tu"-~ ~1,"'-~r;l-:><Af-i""" Lo,-.,4~;h.S the. J:l~~e !ft!.l• "Jh~ 
3.1.2.1.3. Teeth et\Y \S ''>V..."""-~C..d CS"'-.,'t '-'--"'\-'d t wo.:t~"(' va...rul.LY ,s abvio'4s(_y 
\':> r-0 d "'- C. e... d ' -1-h C. c.-.. ~ ~ d e... V O \ ""-.. ,· 0 Y\ s "t l t t:. ~ ·, ..!, C 1" s. e.. J " ff + 0 tn. t.. 
p \.\. W' p °'-" d ~ ~ ~ J ; ~ cl rd p p ~ d O ~ +o ""' t:. b ~ S ~ IC!. • 
Samples were cut with a dentist's drill equipped with a small diamond disk. Any 
adhering material was removed and enamel was separated from dentine. For acid 
evolution, enamel and dentine were ground and partly dissolved in 10 % acetic acid 
to remove secondary carbonates. The residue was cleaned in deionised water and 
dried. For the thermal release technique, the equipment shown in Figure 3.2 was 
used. The sample was heated to 600 °C in a stream of oxygen to oxidise organic 
material, then to 750 °C to evolve CO2 from secondary carbonate, then to 900 °C to 
break down apatite carbonate (Hass and Banewicz, 1980). The samples were heated . 'M, n '"fw\ \l.W\. 
for r;.;.i ,_·_--, ,: ~ of 2 hours at each temperature to achieve total de-gassing. In all cases, 
the gas stream was passed over CuO heated to 600 °C for complete oxidation of CO. 
Water was removed by passing gases through a dry ice/ethanol trap. CO2 was 
collected using a trap cooled with liquid nitrogen. Subsamples were taken from each 
fraction for FTIR and XRD analyses (see below). o13C values were obtained using a 
Europa Scientific 20-20 mass spectrometer. 
CO2 from all samples was converted into graphite by reducing CO2 to CO 
over Zn at 
Pure 0 2 
.. c:==== 
( __ ) _ 
Temperature 
Controller 
c 600 °c) • 
Temperature 
Controller 
Dry-ice/ 
Ethanol 
Liquid 
Nitrogen 
Figure 3.2. Experimental setup used for the collection of carbon dioxide by the thermal release method. 
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450 °C . CO was further reduced to elemental carbon using Fe at 600 °C as a 
catalyst (Slota et al., 1987; Fifield, et al., 1992). 
3.1.2.2. AMS measurements 
AMS graphite targets were measured by accelerator mass spectrometer at ANSTO, 
Lucas Heights, Australia( -s e e s 1 o t e. <-t- J. • t 'l ~ 'f &.t\ J 4 IA.~ I-..._ ~ J 
Pc,1#-Lk., l1t.\·). 
3.2. Luminescence dating 
Sample collection, preparation and measurements carried out for luminescence dating 
in this study are described below. 
3.2.1. Sample collection 
All samples were collected in plastic or steel cylinders driven into the sections during 
daytime (Figure 3.3a). The cylinders were immediately capped and wrapped in light 
tight black bags, and several modern samples lying on the present day surface were 
also scooped into black plastic bags (in order to determine residual level). The 
environmental 'Y dose rates were measured by a portable, calibrated multichannel 
analyser (Figure 3 .3b ). 
Figure 3.3a. Sample collection for luminescence measurements at Batadomba cave. 
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Figure 3.3b. Measurement of gamma dose rate at Batadomba Cave. 
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3.2.2 Sample preparation 
All sample procedures were conducted in subdued red light (>580nm). The central 
portion of sediment is first sieved through a ~ 2 mm mesh into a glass bowl to 
separate fractions containing stone artefacts (geometric microliths ), large stones, 
pebbles, bones, shells and other materials. The fraction <2 mm was used for dating. 
The ( <2 mm fraction) sediment sample was washed with NaOH until the solution 
was clear (to remove clay). Then the sample was neutralised, washed with 2M HCl 
and 40 % H20 2 and treated with fluoro-silicic and tetra fluroboric acid to remove 
feldspars before dry sieving and collecting the grain size fraction of 90-125 µm. For 
some samples the 180-250 µm fraction was also processed because the finer fraction 
1 J d 4-._ +'""' IL\- ~ S • /;\ -f· 
was too small for dating. Quartz was extracted with sodium polytungstateL). 74±0.02 
and etched with 40 % HF for 40 min to remove 6 µm which have been irradiated 
with external a rays. Finally, HCl was used to remove fluorides. 
The extracted quartz grains were were loaded onto stainless steel discs that have been 
sprayed with silicone grease. Each disc holds a monolayer of grains. 
3.2.3. Determination of water content 
The dosimetric measurements and calculations used in this work are exactly the same 
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for both TL and OSL dating of quartz from sediments. For the measurement of the 
present day water content, the outer 1cm of each end of the cylinder was removed in 
the laboratory. This portion of the sediment is weighed, dried for several days at 40-
50 °C in an oven and weighed again. The difference represents the water loss. 
Division of the water weight by the dry weight gives the in situ water content. 
3.2.4. TL measurement 
TL glow peaks were obtained by heating the samples to 500 °C in a Ris0 TL reader 
TL-DA-12 (Figure 3.4) at a rate of 5 K/s in an inert gas atmosphere (nitrogen). The 
TL signals were detected through a Chance-Pilkington HA-3 (heat rejecting) and a 
C.orning 7-59 (blue-violet transmitting) filters with an EMI 9635B photomultiplier 
tube. Samples were irradiated by the 
90Sr/9°Y plaque source within the TL reader 
delivering 3.8 Gy/min. The additive dose method was used to determine the DE-
A" ·H,C! d; s cs W(H! +~t.. I'\ 
value. 24 discs with the sample were loaded.-.:!..,i~t :\: ::;2_r:~;:}L - u:h ~::. -:. ~' '. cfr~:J 8 ~ :l 
glowed, 4 discs as "natural", the remaining distributed at 6 dose points. Further 6 
discs were bleached for 7 hours and measured to determine the residual level. DE-
values were calculated using the APP-SIM program of Grun (unpublished). 
3.2.5. OSL measurement 
Optically stimulated luminescence measurements were made using an EL SEC 9010 
C
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automated luminescence reader (Figure 3.5), with a stimulation wave band of 
500±40 nm from a filtered halogen lamp (Spooner, 1993). The luminescence 
emission was detected by an EMI 9235Q photomultiplier with a Hoya U-340 filter. 
This has a peak transmission at 340 nm and a range of 280-370 nm (necessary for 
GLSL) and a Schott UG 11 filter. 13 irradiations were carried out using an ELSEC 
9022 automated irradiator, mounted with a 100 mCi 
90Sr/90Y ceramic substrate 13 
source, delivering 1.8 Gy/min to 90-125 µm quartz on stainless steel discs. All 
aliquots were normalised using a short exposure (0.1 s) shine on the natural signal. 
OSL DE-values were obtained using the additive dose method with 10 natural aliquots 
and 9 dose points of 6 discs each (total of 64 discs). After 1 day delay for the 110 °C 
peak to decay, the samples were preheated for 5 minutes at 220 °C ( see also the 
discussions in Stokes and Gaylord, 1993; 1994; Robert et al., 1994b ), to empty the 
thermally unstable traps and then exposed to green light for 300 seconds while 
simultaneously measuring the luminescence signal. Following background subtraction, 
the integrated shine curves of all discs were fitted with a single saturating exponential 
function (Brumby, 1992) to give the DE-value. 
3.2.6. Dose rate determination 
The beta dose rates were derived from neutron activation analysis of uranium, 
thorium and 4°K in the bulk of the sediments analysed by the Becquerel Laboratories, 
Lucas Heights. The in situ gamma dose rate was measured by a portable calibrated 
~ 
r 
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multichannel analyser (Figure 3.3b). Additionaly, the environmental dose rate was 
checked by high-resolution 'Y spectrometry. After a delay of 24 days (six half-lives of 
222Rn) the energy spectrum for the ')"-emitting nuclides was obtained at the Division 
of Water Resources of the CSIRO, according to the procedures given by Murray et 
al. (1987). The cosmic dose rate was assumed to be negligible because of the 
thickness of bedrock above the sampling sites. 
3.2. 7. Age calculation 
The ages for both TL and OSL were calculated with the AGE program (Grun, 
• A{I.E -p<-~y-c,.;w\. <! ~ \1.t. cl 
unpublished) . .J h ~,~ C\ rt,_ ~ k~ b L.< •+ $u..'brc11" \- \ ~ ~ ~ \ t\. \"\..I.. 
qy°"t\'\S, l\_,\.\A.V".f-3 ' .feld~• ~<, I(~ t,,rS ""~ d fli~ts. 1k 1.,"i"Yfj. ~nJ f~lchp<y 
$~b,r-ai,...\-il'\~S' ~, ~ ""c. 'jv-o3W\ ~acl e 4¥\ .\ Coto l e..i "'-' .S ,~ e. J ~-/; "'~d v ... t "'~J 4'.,y 
o<, ~f,!-i e.,-wiVoJ 4'h~ J1-t'l,",t'"'/. "Jk.t. 1v-ai ~ Sk.l¾ '--ro"'- \-- ivi~ ~.-.lc~\oJ~s cl O\...,d f-, 
~+-r<..rn"- ... -l-ld\'\. . ·hv !i:,'1,t.v--~S'. ~.,, r.a.yt.y '>kl,p-ro~f'O..M. lc,~1,4r~.r ltit. v-~,)>t'.'c.five 
3.3. ESR dating o.+-+ (Yl\A.#,.~ t Wl f.&.c J- ti<'~ ,f.,.,. ,f-L,.,il" , ~'j<. ~ . 
This section presents the details of sample preparation and measurements carried out 
for ESR dating in this study. 
3.3.1. Sample preparation 
Sample preparations carried out for fossil shells and bones before ESR measurements 
are outlined in this section. 
~ 
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3.3.1.1 Shell 
Shells were broken up in a bench-vice. The outside and inside of these pieces were 
sanded to remove any residual matrix and any volume that had recieved external a-
radiation. Each sample was ground in a mortar and sieved to obtain the grain size 
fraction of 75-300 µm. The size fraction of < 75 µm was used to determine the U, 
Th and K concentrations by inductively coupled plasma mass spectrometry (ICP-MS) 
(Grun and Taylor, 1996) and flame photometry at the Research School of Earth 
Sciences, ANU. The sieved fraction 75-300 µm of the sample was etched with 2% 
acetic acid for 5 min (to remove surface impurities), washed with deionised water 
and dried at 60 °C . • 
3.3.1.2. Bones 
The samples were first crushed gently using a bench-vice, sanded on both sides 
ground in a mortar and sieved to obtain the size fraction of 106-420 µm ( crushing 
into finer particles may produce surface defects: Desrosiers et al., 1989). The sample 
was etched with 10% acetic acid for 10 minutes, washed with deionised water and 
dried at 60 °C . 
~ 
Chapter 3: Sample Preparation and Measurement 82 
3.3.2. ESR Measurement 
All ESR measurements were made on ten aliquots which were irradiated by a 
6°Co 
source with increasing 'Y doses using exponential dose spacing to a maximum dose of 
about 130 Gy for shells and about 400 Gy for bones. After three weeks of irradiation 
1w ~e. U."n.S.t-~\,le si,n,:;.ls fo J£c-..y) 
fiie samples were measured with a Bruker ECS 106 X-band spectrometer (Figure 3.6) 
with a field modulation of 50 kHz. 
3.3.2.1. Shells 
Shell samples were measured at high microwave power of 1 00m W (Molodkov, 1988) 
adopted to suppress unstable signals. But some samples were also measured at 2 mW 
(Radtke et al., 1985). Burnt shells were measured with 2 mW and 20 µ W because the 
signals were saturated at high microwave powers. Some samples were annealed for 
14.5 hours at 150°C (Yoshida, 1996) and one sample (M-304) was further annealed 
for 14.5 hours at 150°C . Details of the measurement conditions are given in Chapter 
4. 
3.3.2.2. Bones 
Various experimental conditions were tested to obtain the best peak size and 
resolution; see Chapter 4 for detailed measurement conditions. Samples that show 
complete saturation of the DRC' s at 2 mW power were measured at lower microwave 
~ 
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powers. For other samples DRC's were completely saturated at all microwave 
powers. The dating signal of most fossil bone samples suffered interference by 
signals from the organic radicals, probably proteins. Spectral subtraction (Figure 3. 7) 
was carried out to extract the dating signal. The top diagram shows the ESR spectra 
for the ten aliquots of sample M-42. It can clearly be seen that the natural sample has 
a wide, poorly defined signal. With increasing radiation, a narrower, well defined 
axial peak develops (at g = 2.0018). This signal is due to hydroxyapatite (Callens et 
al. , 1987, 1995) and has been used in dating studies of teeth (see e.g. Grlin and 
Stringer, 1991 ). It was assumed that the interfering signal is not radiation sensitive. 
Firstly, a re-scaled natural spectrum was subtracted from an irradiated spectrum in 
order to extract the radiation sensitive peaks. The spectrum with these signals was 
then successively subtracted from the natural spectrum with increasing scaling factors 
until the region of the non-radiation sensitive peak changed the least. The new 
spectrum was regarded as background signal which was then again subtracted from 
all other signals. The middle diagram in Figure 3.7 shows from top to bottom the 
original natural signal its background signal and its radiation sensitive signal. The 
lowermost diagram shows all ESR spectra after background subtraction. It can be 
seen that the interfering signal is somewhat radiation sensitive. 
3.3.2.3. Tooth enamel 
The ESR dating of the teeth used for this study had been performed by the 
procedures outlined by Grlin (l 989a,b) several years before the commencement of 
this thesis. 
1 
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1 Figure 3. 7. ESR spectra of bone sample M-42. 3. 7 A: the original spectra. 3. 7B: 
the natural spectrum (top) separated for its background signal (middle) and the 
radiation sensitive signal (bottom). 3. 7C: all spectra after substraction of the 
background signal. 
~ 
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3.3.3. Estimation of DE-value 
DE-values for shells and bones were estimated by the Fit-Bru programe (Grun, 
unpublished) with a single-saturating exponential fitting function. Single-saturating 
exponential plus linear fitting was not performed since the data set was not good 
enough. 
3.3.4. Dose rate determinations 
The internal dose rates of shells and bones were determined by measuring the 
concentration of radioactive elements by ICP-MS (U, Th) and flame photometry (K). 
In situ 'Y dose rates were measured by a portable calibrated multichannel analyser. 
The external dose rates of sediment samples were determined by NAA and DNAA, 
h 
(Becquerel Laboratories, Lucas Heights). Additionally, the envirct?ental dose rates 
were checked by high-resolution 'Y spectrometry obtained at Division of Water 
Resources at the CSIRO. The cosmic dose rate was assumed to be negligible because 
of the thickness of bedrock above the sampling sites. 
~ 
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3.3.5. Age calculation 
The age estimates were calculated with the Data program (Grun, unpublished). For 
more details on ESR dating, and explanation of some of the terms in the discussion, 
see Grun (1989a,b ). 
3.4. X-Ray diffraction (XRD) 
X-ray diffraction analysis has been extensively used for studying crystalline 
biological materials such as teeth, bones and shells. When an X-ray beam hits a 
crystalline solid it is diffracted by the crystal according to the to the Bragg 
equation: 
n A= 2d sin 0 (3.1) 
where A is the wavelength of the X-ray radiation, d is the distance between the 
crystal "planes" of atoms, 0 is the angle between X-ray beam and the diffracting 
planes (Bragg angle) and n is the order of diffraction. For the derivation of the 
Bragg's equation see Skoog and Leary (1992). 
Two quantities are given by XRD, the peak positions 20 (i.e. d-spacing) and peak 
intensities. The d-spacings depend on the size and shape of the crystal lattice. There 
~ 
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are many sets of planes in a crystal, each with a different d value. Peak intensities 
relate to the the crystal structure. 
The XRD scans were obtained on cleaned, powdered, shell and bone samples ( <20 
µm) using a Siemens D 5000 diffractometer set with Cu ka radiation (A = 1.5406 J\
0 
). 
1,r- .. The samples were scanned from 5° to 55° with a step size of 0.050°, a time/step 
of 1.0 s, a peak width of 0.3° and a threshold of 1.5. The components of the traces 
were identified using the ICDD (International Centre for Diffraction Data) data base. 
The X-ray diffraction crystallinity index, XCI, was calculated according to Figure 3.8 
:Sho!. t!.."'Y~~o...lH..,il,j °'"'d~x •.r bo'W\t.S Q.-,A. i ~~+h ;W\Lr(A!,c.s pr~s"'~ .. h t1 d"'~ h diAr.~to(t-~t. 
pv- o '-''tu:> ; _,. vid v; "'-1 ~h~ ~•ow.+\.\ 6 f ! ~ jt. Y l. ry .d-.-.1 ~ • 1- IN.- <t.. ')c,, <."' !le. . o; s ,w,. ""-1\ N 
<'~es ( t..N.,_\",,.. 4 ~J g..,_,("_ YH~..f, tqq o). 
3.5. Fourier transform infrared spectrometry (FTIR) 
When materials are exposed to IR radiation they absorb energy, causing the chemical 
bonds within the molecules to vibrate. The wave numbers at which IR bands appear 
depend on the absorbing (functional) chemical group within the molecule and are 
independent of the rest of the structure. Therefore there is correlation between 
molecular structure and the wave number of absorbed IR energy. An infrared 
spectrum is the plot of IR intensity vs wave number. An infra-red spectrometer which 
1 ·tl'" hr "'""tlY . kn F . .f:' emp oys an Ll:.erometer as a monoc o: ,~ ~ ,;:· f ~ 1s own as a ouner trans1orm 
infrared spectrometer. The characteristic vibrational frequencies are vital for obtaining 
structural information and identification of compounds. Polyatomic anions of the type 
CO/-, PO 43- etc. absorb infrared energy of different wave lengths, and ca
n be 
distinguished. The typical energy changes due to absorption energy in the IR region 
~ 
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Figure 3.8. Left: XRD traces for fossil tooth sample 701. Right: The crystallinity index was taken as 
the height from the top of the 100% hydroxyapatite signal to the base of the valley between this peak 
and the adjacent 60% peak (A) over the total height of the 100% peak (B). 
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are 6 103 to 42 103 J moi-1
 which corresponds to 250-4000 cm-
1
• For further 
discussion and theoretical background infrared spectrometry see Cross ( 1960) and for 
FTIR see Smith (1996). 
IR has been used to examine the purity of bone proteins (De Niro and Weiner, 1988), 
the degree of recrystalizsation in hydroxyapatite (Weiner and Bar-Yosef, 1990) and 
substitution in the mineralised tissues of apatite (Le Geros, 1983). It is therefore an 
ideal technique for observing chemical changes in archaeological specimens. 
The KBr pellets were prepared from 2 mg of the sample and 3 00 mg of KBr ground 
to less than 25 µm. The spectra for this study were obtained using a Perkin-Elmer 
1600 series FTIR spectrometer equipped with a single beam interferometer, at the 
Department of Chemistry, ANU. Spectra were gathered for all samples in the range 
u. 
of 400 to 1650 cm- 1 waveIJlllber range purged with dry air from the KBr pellets of 
the specimen. Individual spectra were obtained using 16 acquisitions before Fourier 
transformation at a spectral resolution of 4 cm-
1
• 
The IR crystallinity index, CI, of fossil teeth and bones were measured with FTIR by 
examining the splitting factor of the PO4 anti-symmetric bending mode peak, at wave 
numbers 565 and 604 cm- 1 (Weiner and Bar-Yosef, 1990), see Figure 3.9. 
Both the CI and the XCI provide a way of quantifying the diagenetic changes 1n 
archaeological and palaeontological bone carbonate hydroxyapatite. 
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Figure 3.9. FTIR trace of fossil bones (after Weiner and Bar-Y osef, 
1990). Phosphate is documented by the split line around 600 cm• l 
and the wide line at 1036 cm•l. Carbon is documented by the narrow 
line at about 875 cm•l and the wider line at 1425 cm•l. The 
crystallinity index is calculated by the sum of the heights of the valleys 
at 603 and 565 cm• l to the base line over the height of the parting hill 
to the base line. 
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3.6. Scanning electron microscopy (SEM) 
Scanning electron microscopy was carried out on cleaned bone and shell samples 
(using a dentist drill), coated with gold or carbon using a sputter coater Polaron 
E5000. The SEM pictures and analyses were made using a Cambridge S360 Lab 6 
scanning electron microscope equipped with a Tracor Northern 5500 energy 
dispersive X-ray analyser, EDXA, with SiLi detector (Be window, 137 eV). 
3. 7 Chemical tests 
Tests were made by adding ammonium molybdate to acidified shell sample solutions 
(nitric acid) to test the prescence of PO4
3-, which is confirmed by a yellow 
precipitate. 
~ 
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Chapter 4 
Dating Project 1: Dating Studies of 
Three Archaeological Sites of Sri Lanka 
4.1. Introduction 
This chapter presents the dating studies carried out to test a variety of dating techniques 
and materials on three archaeological cave sites in Sri Lanka, Batadomba, Beli and 
Doravaka-kanda. 
4.2. Background 
The following account gives the background to the dating studies described in this 
chapter. 
4.2.1. Location and climate 
Sri Lanka is an oval shaped island (Figure 4.1) located in the Indian ocean at 6° to 
10° N and 80° to 82° E. It has a maximum length of 432 km and a maximum width of 
~ 
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Figure 4.1 Prehistoric sites of Sri Lanka (after Deraniyagala, 1992). 
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224 km and covers an area of 65,610 km.2 . The island is composed of three peneplains 
with the highest mountainous zone in the centre (Figure 4.2). Sri Lanka has a tropical 
monsoonal climate with very little seasonal change. The average annual temperatures 
vary between 12 °C in the central mountains to 33°C on the coastal plains. The rainfall 
is influenced by the northeast monsoon (December to February), intermonsoonal tropical 
cyclonic activity and conventional rains, and is dominated in the summer months by the 
southwest monsoon (May to September). The southwest of the country receives an 
average annual rainfall between 2500 mm to 5000 mm while in the northwest and 
southeast, receives less than 1250 mm (The National Atlas of Sri Lanka, 1988). On the 
basis of the rainfall pattern, the island is divided into two major zones, the Wet Zone 
in the west and southwest and the Dry Zone which describes the remaining two thirds 
of the island (Figure 4.2). 
4.2.2. Quaternary chronology 
Sri Lanka's Quaternary chronology has been established from four sets of sediments: 
(i) The Ratnapura beds in the Wet Zone; 
(ii) The Iranamadu Formation in the Dry Zone; 
(iii) The Reddish Brown Earth Formation in the Dry Zone and 
(iv) cave deposits of the Wet and Dry Zones. 
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Figure 4.2. Top: Sri Lanka's ecozones: A (semi-arid lowlands), B (dry lowlands), 
C (intermediate dry lowlands), E (intermediate dry uplands) and F (arid lowlands) dry 
zone, D wet zone (from Deraniyagala, 1992). Below: Schematic representation of the 
three peneplains of Sri Lanka (from the National Atlas of Sri Lanka, 1988). 
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4.2.2.1. Ratnapura beds 
The Ratnapura beds consist of a series of river and lake deposits that have accumulated 
in the valleys in the Sabaragamuwa Province around Ratnapura (Figure 4.3). These beds 
consist of a series of sands, silts and clays with an average thickness of about 30 m 
gravels forming the base levels. Quartz and chert tools were discovered in these gravel 
layers and have been termed Ratnapura Industry (Figure 4.4). These implements are 
mainly choppers and flakes and are found in association with the Ratnapura fossil fauna. 
This include two species of palaeoloxodont elephants, two rhinoceros, six incisored 
hippopotami Hexaprotodon palaeindicus and notably, two teeth of a possible hominid. 
Deraniyagala (1992) has cross dated these gravels to the last interglacial period at 125-
80 ka by correlation with the coastal tracts of southeast India using eustatic altimetry 
(sea-level changes). However, the chronostratigraphy of these deposits is complicated by 
cycles of redeposition. 
4.2.2.2. Iranamdu Formation (IFm) 
The IFm consists of large areas of coastal sand deposits combined with basal gravels of 
the semi-arid zone (Figure 4.5). Deraniyagala (1992) has identified these sands as 
ancient coastal dunes and indicated that the basal gravels were fluviatile alluvial deposits 
and suitable for eustatic altimetric studies. 
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Figure 4.3. Principal gem fields in Ratnapura area 
(after Cooray, 1984). 
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Figure 4.4. Stone artefacts from the Ratnapura beds: Ratnapura Industry 
(from Deraniyagala, 1992). 
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TL(on the l •.: r=--~} '. ~:; -~L~:,_.__, ~- ~- (aeolian) yielded ages of 28 ka and 64-74 ka (Singhvi 
et al., 1986) for the basal gravel deposits which were measured at 8 and 16 m above 
present sea level at Bundala and Patirajawela, respectively, and were correlated by 
Deraniyagala (1992) to high sealevels corresponding to 75 and 125 ka. 
i:~ f o r o, i ~• 11 y . , n d«.. k .r ,_. ~ " ., I'«-
The stone age artefacts in the basal gravels are L.f:->x~::;;,.~~:~ · ·.., due to weathering of the 
diagnostic features. The artefacts in the sands of Bundala dated to 28 ka have been 
identified as geometric microliths. The upper layers of the sands of Patiraj awe la, also 
b-..sa.J 9 ra"«l s 
dated at 28 ka, contained geometric microliths while the lower layers contained a , 
.s~._11-~1, k~ \-oe)\ t..s+;~-.ti../ 
--=;- ---~, ~-- • _ - ~~ - -~ component at , -~~< 1'2.S° J<a_ ( V~ <"An\~--., -.\o., ) 'C\ q 2-) -
A microlith has been defined by Deraniyagala (1992) as a small blade or flake ( <4.5 cm, 
usually <2 cm) with blunting retouch used to achieve a specific plan-form (Figure 4.6). 
Unfortunately, no organic remains have been preserved for radiocarbon dating. Recent 
optical dating studies (OSL) of Patirajawela overlying sediments gave an estimated age 
of 80 ka and the underlying basal gravels containing small flake tools, gave an estimated 
age of 150 ka (Abeyratne, unpublished data). There are other raised coastal deposits in 
the Iranamadu Formation where the basal gravels are about 60 m above present sea 
level. For example in the Miniha-galkanda beds at Yala the basal gravels are 20-40 m 
above present sea level (Figure 4.1 ). Deraniyagala (1992) has hypothesised that some 
raised terraces of the coastal gravels are at least as old as the Holstein Interglacial dated 
at 300 ka ( corresponding 0180 stage 9 or 11 ), and the Cromerian interglacial at 500 ka 
( corresponding to the 0180 stage 13 or 15). Dating of these coastal gravels is expected 
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Figure 4.6. Geometric microliths A: Embilipitiya, B: Bundala, C: 
Batadomba cave stratum 7a (17 ka BP) and D: Batadomba cave 
stratum 7c (27.7 ka BP) (afta- Deraniyagala, 1992). 
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to shed light on the existence of Homo erectus"- known to have been on the sub-
continent in the middle Pleistocene fr .. ~,j f .;-2.:~: (Deraniyagala, 1991). 
4.2.2.3. Reddish Brown Earth Formation (RBE) 
O(~u.,<~ on 
The Reddish Brown Earth Formation (RBE) (Figure 4.5), which l- ~~ ,.-,!~--_;~.;..r::-,. r - the 
th~t 
landward aspect of the IFm, comprises a basal gravel or stone lines, :_;,'J represents a lag 
deposit overlain by colluvial clayey loams of the Reddish Brown Earth soil group 
(Deraniyagala, 1992). According to Deraniyagala (1992), the basal gravels of these 
deposits are associated with the Mesolithic habitations at Anuradhapura and site ( 43) at 
Embilipitiya (Figure 4.1 ). 
The Embilipitiya site was excavated by Deraniyagala ( 1992) to determine the correlation 
between the basal gravels of the RBE and the IFm along the southern coast. The results 
of the excavations did not fulfil his goal because the artefacts from the basal gravels of 
the IFm at Bundala and Patirajawela were too indistinct for a clear correlation. The 
artefacts in the basal gravels at Embilipitiya were similar typologically to the artefacts 
from the dune sands at Bundala and these have been dated at 28 ka (Singhvi et el. , 
1986). Hence, Deraniyagala (1992) postulated that these basal gravels of the RBE Fm 
at Embilipitiya can be cross-dated to 28 ka. Recent TL studies of the gravels of the 
Embilipitiya site have given an age estimate of 7.5±0.9 ka (Abeyratne, unpublished 
results) suggesting that they are approximately contemporaneous with the RBE at 
Anuradhapura which have been dated by 14C to 5.9 ka BP (Deraniyagala, 1992). 
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4.2.2.4. Cave deposits 
f'l'it. \,,~ t•<; c.. 
The main chronostratigraphic information with respect to the~archaeological deposits in 
Sri Lanka comes from the radiocarbon dates of the mesolithic caves in the Wet zone 
which are of considerable importance to the prehistory of South Asia (Deraniyagala, 
1992). Beli cave at Kitulgala (Figure 4.1) yielded a consistent series of 25 radiocarbon 
dates on charcoal from Mesolithic strata. These range from 3.4 ka to >27 ka BP. A 
second series of radiocarbon dates, on charcoal from the Batadomba cave (Figure 4.1 ), 
ranges from 11 to 27.7 ka BP and a third series of dates from Doravaka-kanda (Figure 
4.1) range from 1.5 to 6 ka BP. In addition to the above sampling sites, Fa Hien' s cave 
(Figure 4.1) yielded a series of radiocarbon dates on charcoal which range from 5 ka to 
34 ka BP, Alu-lena Attanagoda (Figure 4.1) around 9.7 ka BP, and the Beli-lena Athula 
Maniyangama cave (Figure 4.1) around 7 .5 ka BP (Deraniyagala, 1992). 
For the Dry Zone, the Potana cave Sigiriya (Figure 4.1) yielded dates around 8 ka BP, 
Aligala cave Sigiriya (Figure 4.1) around 9 ka BP (Abeyratne, unpublished results) and 
6.5 ka (TL) for an open-air midden at Bellan-Bandi Palassa (Figure 4.1) (Wintle and 
Oakley, 1972). 
The earliest human fossil evidence of anatomically modern Homo sapiens in South Asia 
was recovered from the cave sites of Fa Hien' s, Beli at Kitulgala and Batadomba. More 
\ rt cl·. "' ~ '-' \( ._' J 
than 38 human _- _ .,;:• have been excavated from levels dated at 31 ka BP (Fa Hien's 
cave), 16 and 27.7 ka BP (Batadomba cave) and 12.5 ka BP (Beli cave Kitulgala) 
(Deraniyagala, 1992). 
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It is difficult to estimate the age of the end of the stone age period in Sri Lanka because 
of the absence of deposits suitable for radiocarbon dating. Most of the top layers in 
Mesolithic caves have been stripped and used as a fertiliser _by villagers (Deraniyagala, 
1992). However, the excavations in the citadel at Anuradhapura indicated the existence 
of a protohistoric iron-age deposit around 2.8 ka BP with no remnants of stone tools 
occurring in the numerous layers excavated. Hence, the upper boundary of Sri Lanka's 
prehistoric period may tentatively be assigned to 3.2-2.8 ka BP, based on the radiocarbon 
dates from the citadel of Anuradhapura and the site of Henagahapugala (3 .2 ka BP) 
(Figure 4.1) (Deraniyagala, 1992). 
4.2.3. Quaternary environment 
As the Ratnapura beds are chronologically indeterminate, their Quaternary environment 
is neglected in this short account. As far as the IFm is concerned, the sedimentological 
examinations of Deraniyagala (1992) have indicated that the basal gravels were deposited 
during interglacial or interstadial periods (i.e., altithermals). The deposits suggest a 
climate of greater seasonal extremes of drought and rainfall than those prevailing today 
in Sri Lanka's Dry Zone. Studies by de Alwis ( 1971) indicate that soils from this period 
subsequent to their deposition, were not weathered by a continuously wetter climate 
(non-seasonal), than that prevalent in the Dry Zone today. Furthermore, it is evident 
from the geomorphology (< ·L-- f;~.~di:~ 1t·:tit~ and the texture of the basal gravels that 
catastrophic floods have occurred as a result of cyclonic activity (Deraniyagala, 1992). 
In the absence of palynological studies of the upper Pleistocene and early Holocene in 
Sri Lanka, it has not been possible to assess accurately the bio-climatic sequence 
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associated with this period. J-l he co-occurrence of tree snail Acavus roseolabiatus which 
occurs only in a restricted area of about 200 km2 around Kitulgala and depends on a 
very local combination of temperature and rainfall, and Artocarpus nobilis, a wild 
breadfruit tree (also has a restricted distribution) in layers dated at 10.5-12.5 ka BP at 
Beli cave. This indicates that the climate at that time was very similar to that of today 
(Kajale, 1983, Deraniyagala, 1992). The appearance of two species Acavus prosperus 
and Acavus phoenix at Batadomba-lena cave throughout 12 to 27.7 ka BP indicates that 
the climate during the maximum glacial period could not have been more than 6 °C 
lower than today (Deraniyagala, 1992). According to Deraniyagala (1992), studies of the 
aquatic shell species Paludomus (which is found in some of the habitational deposits of 
the Mesolithic caves) could give more data on the palaeo-rainfall oscillations in the Wet 
Zone. 
As far as the Dry Zone ( dry lowlands) is concerned, the presence of certain Dry Zone 
vertebrates at Bellan-bandi Palassa, such as sloth bear, spotted deer and star tortoise, has 
indicated that the climate at 6.5 ka (TL) was similar to the Dry Zone of today 
(Deraniyagala, 1992). 
4.2.4. Technology 
The Ratnapura Industry (Figure 4.4) has been called a chopper industry and is not 
datable by typological methods because of non-distinctive stylistic traits. The small flake 
assemblages at Patirajawela has been estimated to be 125 ka (Deraniyagala, 1992); 
recent optical dating studies gave an age estimate of 150 ka (Abeyratne, unpublished 
results). 
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The geometric microliths are considered to be the hallmark of the European Mesolithic 
and appear early in Sri Lanka at about 28 ka (Deraniyagala, 1992) and this is supported 
by the discovery of similar tools of similar antiquity in Zaire and South Africa ( van 
Noten, 1977; Sampson, 1974). The antiquity of the earliest geometric microlithic 
assemblages, comprising lunates, triangles and trapezoidals (see Figure 4.6) stert¥ from 
four independent sources: the lower levels of Batadomba and Beli-lena both dated by 
radiocarbon to about 28 ka BP, and TL age estimates of the dune sands of Bundala and 
upper levels of Patirajawela which were also in the range of 28 ka. The geometric 
microlithic industry appears to have survived to the beginning of the protohistoric Iron 
Age at 1000 BC (Deraniyagala, 1992). 
No Acheulian bif ace artefacts, such as hand axes and cleavers, have been found. 
~L\ a.rt 3 ', t c. 
According to Deraniyagala (1992), this is due to (i) lack of sedimentary _ . · for tool 
manufacture, and, (ii) low biomass of exploitable herbivores present throughout the 
Quaternary of Sri Lanka. 
Apart from small tools, the Mesolithic industry includes relatively crude choppers (some 
of which are indistinguishable from choppers of the Ratnapura Industry), hammer-stones, 
grinders, grindstones, pestles and mortars on gneissic crystalline rocks (more rarely on 
quartz). Characteristic pitted anvils have also been discovered from areas where wild 
edible nut, Canarium zeylanicum, locally known as Kekuna, exists (Deraniyagala, 1992). 
Other than the stone tools, there are bone and antler artefacts. These have so far been 
found only in Mesolithic contexts, usually, from cave sites (Deraniyagala, 1992). For 
further description of these artefacts see Deraniyagala ( 1992) 
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4.2.5. Subsistence and settlements 
The Ratnapura tools do not shed light on whether Ratnapura fauna had been exploited 
for food by the prehistoric inhabitants (Deraniyagala, 1992). As far as the settlements 
of the ancient coastal dunes (Iranamadu Formation) are concerned, it is also dangerous 
to speculate on subsistence patterns as no organic remains are available for analysis. 
However, since it is a coastal environment, it is very likely that marine resources 
occurring in the lagoons of the semi arid zone of Sri Lanka would have been exploited 
(Deraniyagala, 1992). 
During the Mesolithic period many types of animals have been exploited for food, such 
as: elephant (young), gaur, water buffalo, sloth bear, pig, sambhur, spotted deer, 
muntjac, chevrotain, porcupine, hare, giant squirrel, flying squirrel, pangolin, civet cat, 
monkey, jungle fowl, spur fowl, python, monitor lizard, hard and soft-shelled terrapins, 
star tortoise and small fish (Puntius titteya), freshwater crabs and molluscs as well as 
terrestrial, arboreal and aquatic molluscs, notably species of Acavus and Paludomus 
(Deraniyagala, 1992). 
As for the consumption of plant foods, many of the Mesolithic sites in the Wet Zone 
lowland have yielded remains of the wild edible nut termed kekuna. At Beli-lena, the 
nutritious wild breadfruit had been eaten from the earliest times (> 27 ka BP). Wild 
banana (Musa paradisica), which occurs in the vicinity of Kitulgala Beli-cave, has also 
been found among the food remains within the cave (Deraniyagala, 1992). 
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The basic settlement unit is the nuclear family and larger grouping are rare an~nly 
seasonal (Deraniyagala, 1992). The hearths excavated at the Beli cave are relatively 
small, about one meter in diameter, and give an indication that they would not have 
provided for more than one nuclear family unit (Deraniyagala, 1992). Due to the absence 
of a well defined seasonality, the migration of prehistoric man is considered to be 
on o.. M,Y\o..- ,~ .. ,e. 
. . 
• _ _,,J\ __ _ ;-==.-- ~~ ..:..:.. . 
4.2.6. Ritual and mortuary habits 
There is no prehistoric art in Sri Lanka and according to Seligmann and Seligmann 
(1911) most cave drawings were executed by the Veddah (aborigines of Sri Lanka) at 
the turn of the century. One possible exception comprises the symbols and sketches of 
animals drawn on the walls of the cave at Doravaka-kanda which could be prehistoric 
(Wijepala, in preparation (a)). The discovery of the bifacially drilled human frontal bone 
at Ravanalla cave (Figure 4.1) and human burial at Fa Hien' s Cave, with the bones 
coated with red ochre, are instances of ritualistic behaviour (Deraniyagala, 1992), 
although identification of the ritual significance of ochre stains is problematic for 
archaeologists, in all regions (Wreschner, 1980). 
Most of the stone age burials found in Sri Lanka, for example at Bellan-bandi Palassa, 
the skeletons belong to both sexes and occur in a flexed position "- '- :~:; _,.~-=-~ .__,:- ~ 
~~-~:: =- ~:::.~ :..-. ~ (Deraniyagala, 1992). However, recent dating of a fossil human from the 
Potana cave (Sigiriya) in a similar flexed position gave a radiocarbon age of 1.5 ka BP 
(Abeyratne unpublished results), and one could suspect that this mortuary habit was 
pr-«-h·• t\.6ric. 
continued up to the early historical times. The 1-i_ . -~ human remains found in Beli cave 
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(12.5 ka BP) and Batadomba cave (16 ka BP) indicate that the burials are secondary, 
and occur after exposing the flesh and allowing it to deteriorate (Deraniyagala, 1992). 
4.2.7. Anthropology. 
P.E.P. Deraniyagala (1940), and Kennedy et al. (1986). studied the physical traits of 
human remains popularly called Balangoda man, and summarised them as "Australoid 
Vaddl. d" l ·. · ·· -· . . - ~, · - t ~ ...,. ,~. ";,~-. ~-- . .. •. --, ,,_.--,} •: '; ';: 1 , ,,_~; r , r, __ • ·"" -- - - - .;-~ - ·- \ ..!/ -- ... .. ...:.11; -_- .;,. ____ \ __ ... ~.:;; -:;.... -~ - - J .,;;....,:.. -,.. ...,_ ~ ~-T-:--:.~~-!-;,: _ t _ .. ~:i::;t:- ~ ... a -.. . _ -4, 
~ - - ~:~--. --• i- ~> ,;.:,:.:.: .:;-:l: / .c-. ::-.~ -- tr,_,_; · However, this kind of a taxonomic classification . ., 
is not used by modern anthropologists (Deraniyagala, 1992). It is significant that the 
recently excavated fossil humans from Beli-lena cave (12.5 ka BP) and Batadomba-lena 
cave (16 ka BP) have similar traits to those from Bellan-bandi Pallasa (6.5 ka), despite 
l S ~ < -; r1_ ~ h o s k ( f 'l "14) ) 
the difference in age. Studies of Kennedy k ·--e-~:.. _ indicate a biological continuum 
between Lanka's Mesolithic (Balangoda) man and the Veddas. The links between 
Balangoda man and certain tribal populations of India are also considered to be close, 
although not nearly as pronounced as with the veddas. This is not surprising because the 
Palk Strait separating Sri Lanka and India is only 11 metres at its deepest. Therefore, 
a slight eustatic drop in sea level would create a land mass between the two countries, 
and this is likely to have occurred at different times during the Quaternary, the last being 
around at 7,000 BP (Deraniyagala, 1992). Using the recent data on sea level changes in 
the Indian ocean for the last 150 ka (World atlas of Holocene sea-level changes, 1991 ; 
Chappell et al., 1996), it can be predicted that Sri Lanka and India would have 
established a land link between 8 ka and 115 ka during the last 150 ka. According to Sri 
Lanka's ancient chronicles, V eddas were the descendants of the aborigines, who were 
on the island at the time of the Aryan arrival at 500 BC (Deraniyagala, 1992). 
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4.3. Sam piing sites 
From the prehistoric sites identified so far in Sri Lanka, prehistoric man seems to have 
settled in different habitats of the island, the Wet Zone, the Dry Zone, the rain forest and 
the mountains and has adapted to many different conditions on the island (The National 
Atlas of Sri Lanka, 1988). 
The settlement sites of prehistoric man in Sri Lanka belong to two types, open air sites 
ba..se.-
and cave shelters. Most of the open air sites appear to have been used as ~---_;:~~. _ 
eo.,....ps 
-~ --.::a . .:...._: or tool production centres and are located close to water resources (Adikari, 
b°'.s-~-C.4"""1"~ -E:o 
1994). Caves would have been used mainly as~helter from rain and to bury their dead 
\Vhich is evident from Beli and Batadomba caves (Deraniyagala, 1992). 
For this study three cave sites \Vere sampled: Batadomba, Beli and Doravaka-kanda. 
These sites \Vere selected because of the many millennia of occupation with an 
associated cultural assemblage of material suitable for dating by a range of techniques. 
Although the cave sites have been disturbed by wild beasts, guano diggers and 
conversion into buddhist shrines. systematic excavations by the Sri Lankan Department 
of Archaeology have revealed 'Nell defined stratigraphies for the middle and lower 
layers. 
Sampling of the sites \Vere carried out in June 1993, with the collaboration of Dr S. ____ . 
Deraniyagala, "\V.H. Wijepala and the staff of the excavation unit of the Department of 
Archaeology, Sri Lanka. 
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Luminescence samples, charcoal samples and part of the shell and bone samples were 
collected in situ (sample numbers 1-100) whereas other shell and bone samples 
originated from the earlier excavations at the site, were curated by the Department of 
Archaeology, Sri Lanka (sample numbers 300-500). 
4.3.1. Batadomba cave 
Batadomba cave is located 460 m above sea level in the foothills of Sri Pada (Adam's 
Peak), Sabaragamuva Province, Sri Lanka (60°46' N, 80°12' E) (Figure 4.1). The cave 
can be approached along a footpath from Valandure village. Batadomba cave (Figure 
4.7) was first excavated between 1937 and 1940 by P.E.P. Deraniyagala (1940) who 
discovered skeletal fragments of a human child and several adults beneath a cave floor 
consisting of crystalline nitre and bat guano dust (Kennedy and Deraniyagala, 1989). 
P.E.P. Deraniyagala assigned the microlithic tools associated with the bones to the 
Balangodan (Bandarawelian) Mesolithic cultural phase and assumed their antiquity, from 
a European viewpoint, to be early to late Holocene. In 1981, S.U. Deraniyagala resumed 
excavations and obtained more complete fossil human remains. The whole sequence was 
analysed by the radiocarbon dating of charcoal (Agrawal et al. , 1985), and was found 
to range between 11 to 28 ka BP. The archaeological deposits are of particular 
importance as several fossil human remains were found and all layers contained 
geometric microliths (Kennedy and Deraniyagala, 1989). The dating implies that such 
tools occurred in Sri Lanka significantly earlier than at comparable industries uncovered 
in Europe (Deraniyagala, 1992). 
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4.3.1.1. Stratigraphy 
Batadomba-lena and its stratigraphic sequence have been described by Deraniyagala 
(1992). Figure 4.8 shows a schematic section of the archaeological stratigraphy. Layer 
1, 2 and 3 are disturbed. Layer 4 is light brown with a few ash bands. Layer 5 is 
characterised by the intensive and repeated use of fires. Layer 6 has a relatively high 
lo\AS Q. ,.,.,._v£.l\y St...r,f.&.<f! W1"&-..<&.S :J-.B ~-.. 0 -
Q ftc:I ~ f"( '.) b rc,c,J"' °';" '"' y _ • . . l· abundance of charcoal. Layers 7 AJ!nd 7C are darkif,_,l brownl!_ayers ~.c}.Y'~ ~~-~.-t:.~ ~~ 
!~,/--t L•!"(n•.~ ~?:;. ~:- ~, · . According to Deraniyagala (pers.comm), layers 5 and 6 consist of 
80-90% cultural deposit and the remaining 10-20% is colluvial hill wash that entered the 
cave. In contrast material in layers 7 A, 7B and 7C are 80-90% colluvial and the 
C.oW\ ~ < i s L.S d <.. C.4'':S ••9'~ 
remaining 10-20% is cultural deposit. The bottom layer 8 s.:.:2vv0 ~ :.:t.._,_,_:6 2iAt~~r=- -:_.._. ;;{.: 
bedrock. Table 4.1 gives details of the stratigraphic sequence along with the description 
of the samples and the corresponding radiocarbon chronology. 
4.3.1.2. Dating results 
This section presents the results of the multi-dating studies of the Batadomba cave. 
Figure 4.9. shows the effect of calibrating conventional radiocarbon age estimates. The 
charcoal results of between 10,000 and 16,000 BP were calibrated using the calibration 
program CALIB Rev. 3.0.3. by Stuiver and Reimer (1993) which uses 
dendrochronological calibration data of Stuiver and Pearson (1993) and Kromer and 
Becker (1993) to about 10,000 BP and the 14C and U-series analyses of corals of Bard 
et al. (1993) for the range of 10,000 to 18,500 BP. It can be seen that at about 10,000 
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context stratigraphic sediments shell bone charcoal 14C age 
number details cal. (ka) 
-
1 disturbed 
2 disturbed 
habitational 
deposit 
3 disturbed M-46 M-418a M-47 11 .55±0.51 
habitational M-418b 
deposit M-424 
4a habitational M-44b M-44 13.18±0.33 
4b deposit M-50 M-50 M-414 .. 15.14±0.72 
5 habitational M-51 M-40a M-416 15.65±0.65 
deposit M-40b M-432 
M-40c M-436 
M-43 
M-51 
6 habitational M-52 M-38 M-42 
deposit M-304 M-428 16.68±0.45 
M-305 M-429 
M-308 M-429a 
M-313 M-429b 18.33±0.58 
7a habitationa_l M-53 M-53 19.18±0.34 
deposit 
7b habitationa'l M-54 M-445 23.65±0.71 
deposit M-437 23.82±0.50 
25.86±0.65 
7c habitational M-55 M-440 
deposit M-56 M-438 
M-446 31.20±2.00 
M-447 
M-439 
Table 4.1._ Batadomba cave context sequence, location, sample numbers, 
sample materials and the radiocarbon dates on charcoal. 
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Figure 4.9. Comparison of the conventional and calibrated 
14C charcoal data from Batadomba Cave. 
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BP the calibrated ages calculate to about 2,000 years older and at about 18,000 years, 
the calibrated ages become about 3,500 years older than the conventional radiocarbon 
dates. At present there is no detailed calibration available beyond 18,500 BP. 
Unpublished data by Bard indicate that between 20,000 and 40,000 BP the discrepancy 
between conventional and calibrated ages increases to around 4,000 to 5,000 years at 
40,000 BP. However, there were only very few data points available in this range. It was 
therefore decided to correct the radiocarbon dates older than 18,500 BP by 3,500 years. 
The 14C charcoal chronology which is used in this thesis to assess the results of the other 
dating methods is based on the calibrated results. The calibration program gives time 
ranges rather than mean values with 1-a errors. These time ranges were converted into 
mean values with symmetrical error bars(e-r~(W" i~,s o~ c .. 1;, re. rLJ J,d~.s Cllt"'C. ~~ \J4"~ 
$y~-ww,~\--<;c,-\l!>k~ ',n. -ts.,;s $~1.tJy wt te11"'"~4- co.1:1,r..r~ 1'1:.. S•'"'1fl~i e,lJ&v 
-thA~ li•~---1(~. j"(r~.f~ f•< l-d""'V.,V\~W'\le. .f-or ~~t.Y-i~o\" l"t;t ·t-.·M~Y-~~..s 
\.Jtrt ~c,~'(wt"c..cl ·,n\-d m~~n vo.l\.\.eS 1-Ji½-'°' ~'j """"'~\--Y\c-\ ~...-rot"' b-..r-s ) . 
There is a question whether the deposition of the layers at Batadomba was a more or 
less continuous process or whether the layers present short term, episodical formations. 
The present radiocarbon data set on charcoal does not allow this distinction. Due to the 
relative small number of samples, it is difficult to decide which age ranges are 
represented by the layers. For example, the means of the two results of layer 5 indicates 
a time range of about 500 years whereas the means of the samples from layers 6 and 7B 
present time ranges of about 2,000 years. If a dating / ::;x~,f~ results fell , within its error 
limits, into the time range as defined by the radiocarbon results of the layers above and 
below, it was regarded as agreeing with the charcoal chronology. 
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4.3.1.2.1. Radiocarbon dating of charcoal 
A charcoal sample collected from layer 3 (ANU-9359) gave a radiocarbon age estimate 
of 11.55±0.51 ka BP (see Table 4.1) which is in good agreement with the earlier 
obtained radiocarbon result of 13.18±0.33 ka BP from the layer below. 
4.3.1.2.2. Radiocarbon dating of shells 
Results and Discussion: Table 4.2 lists the radiocarbon results of the shells from 
Batadomba cave. The modern living shells of Paludomus (M-315) and Acavus (M-314) 
in and around the Batadomba cave gave D 14C values (as defined by Stuiver and Polach, 
1977) of 147 °/00 (114.7%M) and 130 °/00 (113%M)-respectively, corresponding to the 
southern hemisphere D14C activity values of the years 1990-1994 (see Figure 2.2). As 
these samples were collected in 1994, the results show that the living shells of 
Paludomus and Acavus do not incorporate any significant "dead" CO2 originating from 
limestone (hard water effect) which would result in older age estimates. Af..\-1'1 t.'\.'3 "'---
oi.1,-"'-a.'" it. ,~f...f1S e,.tJ· -t"I!·,..,..- (Arb""' .... ti. f-f'~ \,,GoLrb.,...,,"t"t.. 1>" s,.,1-\--,rv\._ 
... ,t'\ w4°t.Y \:,dl·,~s • 
Figure 4.10 compares the radiocarbon age estimates for the fossil shells with those 
obtained on charcoal from the same archaeological layer. The unaltered, white shells 
and, to a lesser extent, the burnt shell show reasonable agreement with the charcoal 
chronology and demonstrate that the hard water effect also did not affect the fossil shell 
samples of that site. The white sample M-44 shows the largest deviation from the 
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.Table 4.2: Radiocarbon dating results from Batadomba cave. 
Sam pie Layer Lab. Species o13C 14C Age-Charcoal 14C Age-Shell 
No. Code (%o} cal. (ka} cal. (ka} 
M-314 modern ANU-10105 Acavus -12.0±0.2 114.7±1%M 
M-315 modern ANU-10106 Paludomus -9.5±0.2 113.0±l¾M 
3 ANU-9359 11.55±0.51 
M-46 3 ANU-9179 Acavus -12.0±0.2 11.64±0.58 
4 PRL-855* 13.18±0.33 
4 PRL-856* 15.14±0.72 
M-44 4 ANU-9161 Acavus -13.5±0.2 11.14±0.12 
5 PRL-860* 15.65±0.65 
M-43 5 ANU-9206 Paludomus -10.9±0.2 14.03+0.31 
M-43as 5 OZ-710 Paludomus -8.8+0.2 13.20+0.13 
M-51 5 OZC-122 Paludomus -9.6+0.2 16.35+0.25 
6 PRL-859* 16.68+0.45 
6 PRL-858* 18.33+0.58 
M-38 6 ANU-9170 Acavus 16.15+0.35 
M-304 6 OZC-123 Paludomus -12.4+0.2 16.10+0.30 
M-305@ 6 OZC-124 Paludomus -12.5+0.2 14.94+0.37 
7A Beta-33281 ** 19.18+0.34 
M-36@ 7A ANU-9245 Paludomus -14.1 +0.2 6.09+0.43 
M-35@ 7A ANU-9237 Paludomus -12.8+0.2 10.70+0.34 
7B PRL-920* 23.65+0.71 
7B Beta-33282 .. 23.82+0.50 
7B BS-784** 25.86+0.65 
7C PRL-857* 31.20+2.00 
~urnt sample, ®coloured sample 
*Radiocarbon data from Agrawal et al. (1985); •~esults from Deraniyagala (1992) 
Laboratory Codes: ANU: Australian National University 
PRL: Physical Research Laboratory (Ahmedabad, India) 
OZ: ANSTO, Lucas Heights (Australia) 
OZC: ANSTO, Lucas Heights (Australia) 
Beta: Beta Analytical Inc. (U.S.A.) 
BS: British Museum (London) 
""-
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Figure 4.10. Comparison of 14C ages for charcoal and shell 
from Batadomba cave. 
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charcoal chronology being about 2,000 years younger (however, this corresponds to 
about 20 standard deviations!). 
The burnt sample, which is completely recrystallised to calcite (see below), is about 2 
standard deviations younger than the charcoal data. However, because of the small 
number of charcoal data, the age spread within one layer is basically not known and it 
is difficult to find out whether such deviations are due to real age underestimations. The 
data of the burnt sample overlap with the results of one of the white, unaltered shell. 
One would expect that the burning and associated re-crystallisation would considerably 
enhance the reactivity of the sample. However, these processes did not seem to have 
induced carbon exchange to any significant extent. 
The dark brown coloured shells show significant radiocarbon age underestimations. Two, 
samples M-35 and M-36 (layer 7 A), are out by a factor of between two and four, whilst 
a third sample, M-305 (Layer 6), shows an age underestimation of about 1,750 years. 
Unfortunately, the lower layers did not contain shells for dating. 
o13C values of -12±0.20 °/00 and -9.5±0.2 °/00 were obtained (Table 4.2) for modern living 
terrestrial shell (Acavus) and modern living aquatic shell (Paludomus) respectively. The 
o13C values indicate carbon for the shells derives either from the atmosphere or from 
plants. All fossil samples of this site fall within this range or are more negative than the 
modern shells (Table 4.2). The latter values may indicate a contribution from organic 
soil components or soil CO2, i.e. postdepositional exchange of carbon, and those samples 
1 
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show underestimated radiocarbon ages (Table 4.2). However, sample M-304 1s an 
exception since it yields reasonable radiocarbon age estimates. 
Conclusions: The radiocarbon results on white unaltered shells provide generally reliable 
results. Pairs of shells and charcoal as well as the analysis of modern shells can be used 
to verify the extent of the eventually occurring hardwater effect. The combination of 
o13C , FTIR and chemical tests (see below) can be used to identify diagenetic processes 
which may lead to age underestimations. 
4.3.1.2.3. ESR dating of shells 
Spectra and dose response: the ESR spectra of the irradiated modern sample M-315 
(Figure 4.11, top) show a clearly defined line g=2.0007. The natural sample does not 
show a sharp signal at g=2.0007, but a wider line at about g=2.0045 , which may be 
attributed to organic substances (Grun and DeCanniere, 1984). The white fossil shell 
samples (e.g. M-304, Figure 4.12, top) show well defined dating signals at g=2.0007. 
The spectra of the coloured samples (e.g. M-305, Figure 4.13, top) also display the line 
at g=2.0007, however, sometimes with interfering signals. The burnt sample M-40b 
(Figure 4.14a, top) contains a wider peak at g=2.0036 and a non-radiation sensitive peak 
at g=2.0028 in addition to Mn2+ lines at g=2.011 and 1.996. Measuring at 20 µ W power 
suppresses most of the signal at g= 2.0028 (non-radiation sensitive) and enhances the 
peak at g=2.0036 (radiation sensitive) (see Figure 4.14a, bottom). Ho..,(v-w, -l~ i, ,..G b 
?oHtbl~ 'tti co~t>~Y-e 'Jf 11"0M .s:_,,.,.,l,s A.~ 1:. 2.•d<"O;J- A~d j=- 2.-0'1~{ 
~~ 'h" s 1.,.. n ~ h (, w s b "t~ ~ ; ~ "c. I s .. 
~ 
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Figure 4.11. ESR spectra (top) and the dose response curve (below) 
of modern shell sample M-315 for signal (g= 2.0007, at 100 mW). 
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The dose response curve of the modern shell (M-315 in Figure 4.11) is almost linear (D0 
(saturating dose) = 1558 Gy) and extrapolates to 0.96±0.04 Gy whilst the white fossil 
shells (e.g. M-304 in Figure 4.12, below, with D0 in the range of 113 Gy) and coloured 
shells (e.g. M-305 in Figure 4.13, below, with D0 in the range of 383 Gy) show a 
stronger curvature in the DRC. The DRC of the burnt shell (M-40b) shows also 
curvature (D0 =164 Gy) when measured at 2 mW power (Figure 4.14b, top). Measured 
at 20 µ, W, the DRC of the burnt sample shows stronger curvature (D0 = 85.6 Gy) and 
yields twice the DE value of the measurement at 2 mW (see Figure 4.14b, below). The 
dose value obtained from the latter measurement gives better agreement with charcoal 
chronology. 
The problem of inflexion points is illustrated in Figure 4.15. The data of sample M-304 
are reasonably well fitted to a single saturating function (the data points scatter about 
1.8% around the best fit) and the DE-value (35.8±3.0 Gy) has a relative small 
uncertainty. However, if the data point at about 50 Gy is regarded as an inflexion point, 
and only the lower 5 dose points are used for DE-estimation, a value of 26.1±3 .4 Gy is 
obtained which is about 3 standard deviations smaller than the dose value derived from 
all data points. The five data points are not particularly better fitted than the whole set 
(they scatter by about 1.3% around the fitted curve). The use of the 5 lower points 
would results in age results of 12.3±1.7 ka (EU) and 12.8±1.8 ka (LU) compared with 
16.8±1.7 ka (EU) and 17.6±1.8 ka (LU) for the whole data set. The calibrated 
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radiocarbon results of the two charcoal samples, 16.2-17.1 and 17.7-18.9 cal. BP 
(Reimer and Stuiver, 1993), are closer to the results derived from the full data set. In 
many cases, the intrinsic uncertainty of ESR measurements of shells makes it difficult 
(-, ft tJ 
to decide which DRC's contain true inflexion points and which ones are artifactslJn 
~+ .... ~; 1 4- i~ .... , ,t-ts•~ .""' tf... d~"'~. ~,l- _;s .t :+t : t.kl+ +. !!. .. y w,·~ ~ -... .,,:f;A..e..-r.,i.e.. 
~\\~~ .f-h, ~ d ' , ~6~ 4-, W\\A ,'t"~ I~ • 1 ~" lA. \V"~) • 
other cases, such as sample M-J05 (Figure 4.13), occurrence of dose pits (see Grun, 
1991) seem to make any DE estimation questionable. The small size of the sample made 
it impossible to obtain more data points for the establishment of more precise DRC' s. 
Dating results: Table 4.3 gives the ESR age estimates on the shells from Batadomba 
cave. Figure 4.16 shows the ESR results in comparison with the radiocarbon age 
estimates of charcoal from the same layers. Compared with the charcoal chronology, the 
ESR data of the unaltered, white shells tend to give slightly younger age estimates, but 
there is also a group of three outliers in layer 5 which have ages that are more than two 
standard deviations older than the radiocarbon chronology. One of them (M-5 1) was 
measured at 2, 100 and 200 mW (Figure 4.17) and all three DE-values yield age 
estimates older than the corresponding charcoal ages. The DE-values at 100 and 200 mW 
are comparable with each other (within errors) in contrast to the DE-value at 2 mW 
which is significantly higher (Figure 4.17). The age overestimation at this site may be 
due either to inflexion points as discussed above or partial heating as this layer is 
notoriously burnt (Deraniyagala, 1992). This age overestimation is not due to any 
sampling error because the 14C age of one of the overestimated shell sample, M-51 , gave 
reasonable agreement with the corresponding charcoal results (see Table 4.2). 
- _, : :;s;,. = ' .'. - ~ :,_==;~~.;;-~~==-~;;:;;;;;;~=s';;aa;o=~---=--..... ====="'--====---==-===-======--__; 
s;=:; n _ :;:;;a - --- :¢¥j u 
Q Table 4.3: Results of the chemical and ESR analyses of shells and the calculated age estimates for the ·early (EU) -§ ..... 
~ 
~ and linear (LU) U uptake (for U(shell) > 0.5 ppm) for Batadomba cave. .. 
t:::, 
~ ..... s· 
~ Layer Species ESR DE Sediment External dose rate Shell Internal dose rate Ages ~ ., Sample Measure- (Gy) u Th K H 20 fl u EU LU EU LU ~-'Y (':) 
f") ment (ppm) (ppm) (%) (%) (gGy/a) (gGy/a) (ppm) (gGy/a) (gGy/a) (ka) (ka) ..... 
~ .. 
M315 modern p 0.96±0.04 t:::, 
~ ..... M46 3 p 100,0.5 18.3±1.3 1.09 12.8 1.10 10.0 996±50 593±57 0.24 24±4 11.3±0.9 s· 
~ M44b 4 p 100,0.5 18.2±2.7 3.37 8.4 0.70 16.6 886±40 566±81 0.50 48±10 12.1±1.9 
~ M50 4 p 100,0.5 15.7±1.3 3.37 8.4 0.70 16.6 886±40 259±32 0.80 81±14 38±7 -12.8±1.1 13.2±1.1 t: ::: M40c 5 p 100,0.5 40.9±2.4 1.91 4.58 0.67 12.4 986±51 438±53 0.15 18±6 28.3±2.1 ~ M43 5 p 100,0.5 43.5±3.8 1.91 4.58 0.67 12.4 986±50 441±45 0.40 48±8 29.5±2.9 ~ M40b" 5 p 2,1 8.6±1.2 1.91 4.58 0.67 12.4 986±50 438±53 0.13 13±2 5.9±0.9 
~ M40b* 5 p 0.2,1 18.5±1.9 1.91 4.58 0.67 12.4 986±50 438±53 0.13 13±2 12.8±1.4 
~ M40a" 5 p 0.2,1 15.4±3.8 1.91 4.58 0.67 12.4 986±50 438±53 0.09 9±1 10.7±2.6 (':) M51 5 p 2,5 97.6±17.5 1.91 4.58 0.67 12.4 986±50 439±55 0.40 46±8 66.3±12.2 ~ ., M51 5 p 100,5 37.7±2.3 1.91 4.58 0.67 12.4 986±50 439±55 0.40 46±8 25.6±2.0 g. 
~ M51 5 p 200,5 43.1±3.6 1.91 4.58 0.67 12.4 986±50 439±55 0.40 48±8 29.2±2.8 (':) ~ 
~ M313 6 C 100,0.1 18.9±5.4 5.36 9.35 0.76 10.0 1125±97 692±75 0.46 45±7 10.1±2.9 ~ M308 6 p 100,2 29.4±3.3 5.36 9.35 0.76 10.0 1138±97 804±76 0.11 11±2 15.0±1.9 ~-~ -M304 6 p 100,2 35.8±3.0 5.36 9.35 0.76 10.0 1138±97 804±76 1.73 178±30 83±14 16.8±1.7 17.6±1.8 ~ ::.· M304# 6 p 100,2 26.1±3.4 5.36 9.35 0.76 10.0 1138±97 804±76 1.73 178±30 83±14 12.3±1.7 12.8±1.8 ~ M38 6 p 100,0.5 32.8±4.3 5.36 9.35 0.76 10.0 1138±97 804±76 0.54 55±10 26±4.0 16.4±2.3 16.6±2.4 ~ M305s 6 p 100,0.5 76.0±17.7 5.36 9.35 0.76 10.0 1138±83 712±58 1.30 150±31 67±14 38.0±9.0 39.6±9.4 
~ M53s 7A p 100,0.5 46.3±3.5 4.28 10.5 1.01 9.3 1612±90 746±66 2.50 269±48 125±23 17.6±1.5 18.6±1.6 ..... 
t""I 
~ Species: P=Paludomus; C =Cyclophorus. "burnt sample; scoloured sample; #dose points below the inflexion point were used for 
::: 
~ DE estimation. ESR Measurement conditions: Microwave power in mW, modulation amplitude in Gpp. Else: 6 G/s sweep speed, accumulation of 20 to 75 scans. JW1 °'" so..- t, •~, .\ .... '"'.., s;~n ... , '2.•C>OOT' &.sa.s \Ucd "-.1Uc r f h, fl..( c.,se 
~f "'~'Y\'° s" t n s (_~ -40) 1,...11,~ .. t. s;_s..,-.l "l.• Ooj, tA) t. J +. ~" \ C ""t, lL ~-- 1>- • ~ w t 
N 
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The burnt samples agree within their errors with the radiocarbon chronology. One 
coloured sample, M305, is about 2 standard deviations older than the corresponding 14C 
charcoal data, whereas the other one, M-53, agrees with 14C results. 
The problem of age overestimation of the three samples from layer 5 was further 
investigated. Yoshida (1996) indicated that the signal g=2.0007 in aragonitic shells is 
associated with thermally unstable components and to overcome this effect, the sample 
has to be annealed (150 °C for 14-15 hours) before measurement. This recipe was 
investigated with samples M-304 which gave a reasonable age estimate, M-51 , an outlier 
and M-305 , a coloured shell. The DRC of the annealed sample M-304 shows a large 
scattering for the signal g=2.0007 both at 2 mW and 100 mW. DE-values derived from 
the signal at g=2.0056 of the annealed sample agree 'Yith the errors with the DE-values, 
( 1J ~ ._~ ½~ l:> o .tt i \:, ,~ It\....~~ A "-Y-~"'j 
of the signal g=2.0007 of the non-annealed sample( One should note however, that the 
~t.~'t\l'\~ t.\.,~1t.. 'Jl;-, ;s ~-r~•~~J +-roW\ ot"-k<..Y-- .\-v-,)>5 t-., t't:.t. lr"'-t, Y't..t,V('l<..hti"'j 
saturation characteristics of the non-annealed and the annealed samples are quite 
s~'!>"',.,' ~::. 1-00~, '"'i"'"' ~t.. -rLMov ..... 1 c.+ th~ -th<.w--w,4.1\y u."'$1-a..bk !:, 5 .., .. is ) , 
different (compare Figures 4.12 and 4.18). Similar results were obtained for sample M-
51 (see Table 4.4 and Figure 4.19). When sample M-304 was heated for another 14.5 h 
at 150 °C, the DRC of g=2.0056 shows stronger saturation and lower DE-values, 
resulting in age underestimations. 
The coloured sample M-305 gave an overestimated age (Table 4.3) probably due to 
interference by organic signals. Annealing of this sample (Figure 4.20) shows a broad 
line at 2.0045 masking the dating signals presumably because of oxidation of organic 
molecules (Ikeya, 1993) or breakdown of organic matter (Schwarcz, 1994). 
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Table 4.4. Annealing studies of shell samples M-304, M-51 and M-305 from Batadomba cave. 
Unannealed Annealed Annealed 
(14.5 h at 150 °C) (29 h at 150 °C) 
ESR signal 2.0007 2.0007 2.0007 2.0007 2.0045 2.0056 2.0056 2.0007 2.0056 
Power (mW) 100 2 100 2 100 2 100 100 
M-304 DE(Gy) 35.8±3.0 SCAT SCAT 31.7±5.5 17.6±5.4 NDDS 16.6±11.3 
M-51 DE (Gy) 37.7±2.3 54.0±4.0 6.0±4.5 5.7±4.8 32.0±3.7 73.0±30.0 
M-305 DE (Gy) 76.0±17.7 NDDS SAT 
Note: SCAT (data points of the DRC is scattered), NDDS (no definable dating signal) and SAT ( ESR signals are saturated). 
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Figure 4.19. Dose response curves of white sample M-51 top: g=2.0007, 100 mW 
unannealed. Below: g=2.0056, 100 mW, annealed for 14.5 hours at 150 °C. 
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The age estimates for shells were calculated for EU ( early U uptake) and LU (linear U 
uptake) models. When the U concentration is < 2 ppm the discrepancy between EU and 
LU ages are less than 10 % (Grlin, 1993). Therefore in this study LU age estimates were 
calculated only when the U concentration is> 0.5 ppm. 
In this study an attempt was also made to date terrestrial shell species Acavus and an 
unidentified marine shell containing large Mn2+ signals but it was not possible to define 
any suitable ESR signals in the natural sample even after annealing. 
XRD analysis: the XRD analysis gave the following results (Figure 4.21): the modern 
sample (M-315) showed XRD peaks of aragonite and the white shell samples contained 
the same XRD patterns (M-304 and M-51). The XRD scans of the burnt sample (M-40b) 
indicated that the aragonite had been transformed into calcite. The coloured sample (M-
305) showed distinctively different XRD traces indicating a considerably lower 
crystallinity as well as the presence of apatite. 
FTIR analysis: the FTIR results confirm the XRD data (Figure 4.22) The modern 
sample M-315 shows the aragonite band at 862 cm-1 the split line at 712 cm- 1 and 700 
cm- 1 (Farmer, 1974; Hassan, 1975). It also displays a faint band at 1082.. cm- 1 ( C03) and 
a steep dip at 1474 cm- 1 which are also due to C03 (Hassan, 1975). The white fossil 
sample M-304 shows essentially the same FTIR spectrum whilst the burnt sample M-40b 
shows the transformation to calcite through the lines at 872 cm-1 and the single line at 
71:3:. cm-1 (Farmer, 1974; Hassan, 1975). The coloured shell M-305 indicates the presence 
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Figure 4.21 XRD scans of Paludomus shells from Batadomba cave (A) M-315 (modern shell) 
(B) M-304 (white fossil shell giving reasonable results) (C) M-51 (white fossil shell giving an 
age overestimation) (D) M-305 coloured shell and (E) M-40b burnt shell. 
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Figure 4.22. FTIR spectra of fossil shells of Batadomba cave. M-315 
(modern shell), M-304 (white fossil shell (with reasonable age estimate)), 
M-51 (white fossil shell, an outlier), M-305 (coloured fossil shell) and . 
M-40b (burnt shell). 
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of phosphates (presumably apatite) with the signals at 60S cm- 1 and 565 cm-1 (Weiner 
and Bar-Yosef, 1990) and a wide dip at 1036 cm- 1 (1034-1039 cm-1 according to Rink 
and Schwarcz, 1995). Some white fossil shells, e.g. M-51 , also show slight phosphatic 
bands in the FTIR scans (Figure 4.22) but these are not as pronounced as in the coloured 
~~:--::_ ! shells (M-305). 
Chemical tests: the chemical tests confirms FTIR results (Table 4.5). Coloured shells 
and some of the white shells indicated the presence of phosphates contrary to the 
modern, burnt and other white shells. 
SEM scans: The results of the SEM scans are shown in Figure 4.23. Modern living 
shells show plate like structure on the outside while the underside of the shell contains 
organic materials (Figure 4.23a). The white --'._-:-.· ·· shell (Figure 4.23b) shows more 
dkt -to (~11dd"'~ o.f o<., .. ..,,e. tv1AHt.v-d."'"i"' bl.l\v-io...l. 
spaces than the modern shellsl The burnt shells show a calcitic structure of coalescent 
crystals (Figure 4.23c ). The coloured fossil shells show in some parts the intrusion of 
extraneous matter (Figure 4.23d). The fibres of intrusive material are about 50nm in 
breadth. 
Discussion: The FTIR, XRD, SEM and chemical tests show that the coloured fossil 
shells and some white shells have incorporated phosphates. The XRD patterns of 
coloured shells are similar to those observed for bones and teeth in this study. These 
may be derived from the chemical activation of bat guano which has been observed on 
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sample 
number 
M-46 
M-50 
M-44 
M-44b 
M-40a 
M-40b 
M-40c 
M-43 
M-51 
M-38 
M-304 
M-313 
M-310 
M-308 
M-305 
M-53 
layer 
. 
species 
3 Palu do mus 
4 Palu do mus 
4 Acavus 
4 Palu do mus 
5 Paludomus 
5 Paludomus 
5 Palu do mus 
5 Palu do mus 
5 Paludomus 
6 Palu do mus 
6 Paludomus 
6 Cyclophorus 
6 marine shell 
6 Paludomus 
6 Palu do mus 
7A Paludomus 
colour 
white 
white 
white 
white 
-white 
white 
white 
white 
white 
white 
white 
white 
white 
white 
coloured 
coloured 
test for 
phosphate 
negative 
negative 
negative 
negative 
negative 
negative 
positive 
positive 
positive 
positive 
negative 
negative 
negative 
positive 
positiv_e 
positive 
Table 4.5. Chemical tests for the shells of Batadomba cave. 
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Figure 4.23a. SEM images of modern shell sample M-315 (top) outside and 
(below) inside. 
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Figure 4.23b. SEM image of white fossil shell M-304. 
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Figure 4.23c. SEM image of burnt fossil shell M-40b. 
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Figure 4.23d. SEM image of coloured (dark-brown) 
fossil shell sample showing the intrusive material. 
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top layers of the cave (Deraniyagala, 1940) or the chemical weathering and mobilisation 
of bone material in the sediments. Similar process of phosphatisation have been observed 
at other cave sites, such as Tabun, Israel (Tsatskin et al., 1995). 
The ESR dating results of shells are mixed. One group of shells gave reasonable results 
with a tendency to slightly younger ages (including one of the coloured samples) while 
the other set produce serious age overestimations. The burnt samples give reasonable age 
estimates, but only when measured at low microwave power (20 µ W). It seems that for 
both radiocarbon and ESR dating coloured samples and even slightly altered shells 
should be avoided whereas the burnt samples gave surprisingly reasonable radiocarbon 
and ESR dating results. The DE value of the modern Paludomus sample of 0.96±0.04 Gy 
shows that the ESR signals are close to zero. A systematic dose overestimation in the 
range of 1 Gy should not introduce any larger errors. 
The results indicate that the best ESR signal that can be used for dating unburnt 
Paludomus shell, is g=2.0007 measured at 100 mW microwave power. For burnt shells 
the dating signal occurs at g=2.0036 measured at a lower microwave power of 20 µ W. 
The annealing recipe of (Yoshida, 1996) did not give any additional advantage for the 
samples of this site. It may well be that some samples give overestimated results arising 
from incorporation of organic matter which possibly interferes with the dating signals 
(see Figures 4.11 and 4.20). This was seen in the case of a spring deposited travertine 
(Grun et al., 1988), and was clearly shown by the coloured sample M-305. Most outliers 
[ 
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are found in layer 5, which indicates that overestimation could be the result of alteration 
and heating. Altered shells from other layers still give reasonable ESR age estimates. 
The very high precision of the radiocarbon dating results raises the general question of 
the difference between precision and accuracy. Consider, for example, the ESR and 
luminescence results (see below) from the same layer; the white shell sample M-44 with 
a calibrated age of 11.14±0.12 ka is more than four combined standard deviations 
younger than the corresponding charcoal data of 13.18±0.33 ka (PRL-855) . If :a. 1~ i~ 
-the ~o '(rt C 't. 
- ~ ::_·~~: i~ 1 ~ . the charcoal date is~one, we concludes that the shell sample gives an 
unreliable age estimate. ESR dating of the shell provided age estimates of 12.1±1.9 ka 
(M-44b) and 12.8±1.1 ka (M-50) both far less precise than the radiocarbon results, but 
both accurate in so far that the charcoal result falls within the error range. This clearly 
demonstrates that the correct age of an archaeological unit is not necessarily presented 
by the precision of radiocarbon age estimates. On the other hand, this result does not 
allow any general conclusions, because the ESR results on unaltered shells as a whole 
are considerably worse than those of radiocarbon ( compare Figures 4.10 and 4.16). 
Conclusions on shell samples: The shell samples from the Batadomba cave show 
complex post depositional processes. Reasonable 14C and ESR results have been obtained 
on white as well as burnt samples. However coloured samples give unreliable dating 
(_o..lso ¥~4-.-rt.. t_,vv,;"j 1""'~ ~e-y, 1- 1t.. ( c.--< ) 
results by both 14C and ESR because of phosphatet,are associated with the CO2 exchange 
(incorporation of organic matter). The combination of FTIR, SEM and XRD shows the 
samples that have incorporated phosphates and simple chemical tests can also be used 
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for quality control in 14C and ESR dating studies. Furthermore, the correct age of an 
archaeological unit is not necessarily represented by the radiocarbon dating results and 
the cited precision, particularly when dealing with small numbers of sample. 
4.3.1.2.4. Radiocarbon dating of bones 
Results and discussion: Radiocarbon dating results of the three bone samples M-44, M-
429 and M-439 are presented in Table 4.6. Figure 4.24 shows that the 14C age estimates 
of the bone samples are considerably younger than the corresponding ESR age estimates, 
on the same samples as well as in the corresponding 14C charcoal chronology. 
The 14C age estimate for the organic fraction of the bone sample M-44 is severely 
underestimated (by a factor of 9). It may well be that the organic fraction of this sample 
has decayed and that younger material have been incorporated into the bone structure. 
This would not be surprising as there is a strong phosphate mobilisation at this site, 
where incorporation of phosphates seems to be associated with CO2 exchange 
(incorporation of organic matter) in shells. Bones may experience the same diagenetic 
processes. Sample M-429 gives a better age estimate for the organic fraction than for the 
inorganic fraction, although both 14C age estimates are younger than the corresponding 
charcoal radiocarbon results (by about 20 standard deviations). Sample M-439 shows a 
considerably younger age than the corresponding charcoal samples (by more than factor 
of 2). 
I:-= ~ -:;._.. ......~.. =! ,.-_.as-:::: J-777~ - - __ ..,.._.. -• -- - -- -~~------- ~~- ~---~- - H-
.- - -«x - J 
Table 4.6: Results of the ESR analysis of bone and the calculated age estimates for the early (EU) and linear (LU) U uptake 
and 14C dates for the same specimens for the Batadomba cave. 
Sample ESR DE Sediment External dose Bones Internal dose Ages 14c 
Layer Measure- (Gy) u Th K H20 y B u Th EU LU EU LU 
ment (ppm) (ppm) (%) (%) (µGy/a) (µGy/a) (ppm) (ppm) (µGy/a) (µGy/a) (ka) (ka) cal. (ka) 
3 M418a 2,6 68.2±2.0 1.09 12.8 1.10 10.0 938±82 214±22 39.1 0.6 5691±885 2894±456 9.9±1.3 16.8± 1.9 
3 M418b (no definable natural signal) 
3 M424 (no definable natural signal) 
4 M44 2,6 43 .1±1.4 3.37 8.4 0.70 16.6 886±45 113±20 16.8 0.1 2396±416 1202±21 12.7±1.6 19.5±2.0 1.5±0.1 * 
4 M414 (no definable natural signal) 
5 M416 2,6 18.6±7.0 1.91 4.6 0.67 12.4 986±51 16±4 11.3 0.1 1652±256 825±132 7.0±2.7 10.2±3.8 
5 M432 0.02,6 91.8±21.8 1.91 4.6 0.67 12.4 986±51 35±6 32.5 0.2 5228±795 2673±411 14.6±3.9 24.8±6.5 
5 M436 2,6 80.5±3.9 1.91 4.6 0.67 12.4 986±51 178±25 9.7 0.1 1693±231 833±118 28.2±2.7 40.3±3.3 
6 M429 (no definable natural signal) 9.5±0.2 
10.8.±0.3* 
6 M428 2,6 23.2±5.6 5.36 9.4 0.76 10.0 1125±97 186±26 0.3 0.1 51±18 24±8 17±4.3 17.4±4.4 
6 M429b 0.2,6 36.1±3.2 5.36 9.4 0.76 10.0 1138±98 170±24 1.3 0.4 278±41 131±19 22.7±2.5 25 .1±2.8 
6 M429a 25,6 26.8±3.6 5.36 9.4 0.76 10.0 1138±98 76±9 12.8 0.1 1956±244 974±125 8.4±1.3 12.2±1.8 
6 M42 2,6 33.9±2.0 5.36 9.4 0.76 10.0 1136±99 35±7 27. l 0.0 4066±623 2050±316 6.4±0.8 10.5±1.2 
7B M437 0.003,45 34.2±6.9 5.99 11.6 1.10 10.0 1648±80 30±5 6.9 2.0 1380±204 796±115 11 .2±2.3 13.8±2.8 
7B M445 (dating signal saturated) 
7C M440 (dating signal saturated) 
7C M447 0.02,6 90.3±39.6 8.22 16.5 2.23 13.5 1974±206 246±33 18.1 0.4 2926±487 1440±250 17.5±7.9 24.6±9.1 
7C M446 0.02,6 200.4± 18.5 8.22 16.5 2.23 I 3.5 1974±206 360±57 10.8 0.1 2203±363 1054±183 44.2±5.8 59.1±7.3 
7C M438 0.002,89 117.5±17.9 8.22 16.5 2.23 13.5 1974±206 59±8 1.3 0.2 305±58 137±26 50.3±8.9 54.2±9.7 l 
43 '.17±4.3 16.7±0.3 7C M439 0.02,6 I 03 . l +4.3 8.22 16.5 2.23 13 .5 1974+206 246+33 1.04 0.8 294+51 136+23 41 .0±3.9 
ESR measurement conditions: microwave power, phase. Else: 1 Gpp modulation ampitude, 4 G/s sweep speed and., accumulation of 20 scans. 
Radiocarbon dates have been obtained for the organic (*) and inorganic fractions. 
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Figure 4.24. 14C age estimates on bones in comparison with 
the 14C charcoal data. 
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Conclusions: Although radiocarbon age estimates of bones are often used to establish 
chronologies of archaeological sites, this application has completely failed for samples 
at Batadomba cave. The mobilisation of phosphates as it has been observed in the shell 
samples ( see above) has also affected the bone samples of the site and caused a 
considerable exchange of carbon. :1h~ ~clso'"r,J-io,,\ o.f h'4.,.,.,,·L c.O'Yl.sf--:~"'-~"'rs 
f~oW\ 9ro'-'d tJ~-tt.r ~".._lJ ods" ~~lo~t- f,-r -t1'.~ A.noh-'1~( 6 "~\y ..._,~j 
cl;r..i"LS Ol'\ Sc,w,e. CJ"('jtu,,'l fy-"c...J.iDn$ • 
4.3.1.2.5. ESR dating of bones 
Results and discussion: Figure 3. 7 shows the extraction of the dating signal for sample 
M-42 and the dose response curve is shown in Figure 4.25. The ESR measurement 
conditions on the bone samples were varied in order to obtain maximum peak size and 
resolution. The results of the ESR and chemical analyses along with the age calculations, 
are given in Table 4.6. and Figure 4.26. ESR dating of bones is associated with very 
large uncertainties. The results falls into five groups (see Table 4.6). 
1) the early uranium uptake, EU, model age estimates agree with the charcoal 
chronology (samples M418a (layer 3), M44 (layer 4), M432 (layer 5), and M428 
(layer 6)); 
2) the linear uranium, LU, model age estimate agrees with the charcoal chronology 
(samples M416 (layer 5), and M447 (layer 7C)); 
3) EU and LU age estimates are more than one standard deviation out of range; 
4) samples show no definable natural signal; 
5) samples show complete signal saturation. 
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Figure 4.25. Dose response curve for bone sample M-42 at 2 mW microwave 
power. 
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Figure 4.26. ESR (EU and LU) and 14C age estimates on 
bones in comparison with the 14C charcoal data. 
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Material analyses: the XRD, FTIR, SEM and EDXA data on fossil bones are 
summarised in Table 4.7. The SEM images and EXDA data allow the distinction of 
three groups (Figure 4.27): 
1) bones showing original texture and a distinct phosphate peak in the EDXA scan 
(left); 
2) the hydroxyapatite of the bones is highly mineralised and the EDXA scans show the 
distinct phosphorous peak (middle); 
3) strongly calcified bones, the phosphorous peak is hardly visible in the EDXA scan 
(right). 
Discussion: There does not seem to be a direct relationship between the FTIR and XRD 
data and the quality of the ESR results. All averages for the samples of ESR Groups 1 
and 2, which may be regarded as giving reasonable ESR results, are statistically 
indistinguishable from those of ESR Groups 3 to 5. The same applies to the EDXA data. 
Modern bones have Ca/P ratios in the range of 2.2 (Hassan, 1975). Although the Ca/P 
ratios of ESR Groups 1 and 2 scatter less than those of Group 3, the results are the same 
as those from Groups 4 and 5. More interestingly, all samples of ESR Group 1 and 2 
fall into SEM Group 1, i.e. they still show the original bone structure. Most of the 
samples with saturated ESR signals, or no signals at all, show strong alterations in the 
SEM scans. 
Grun and Schwarcz ( 1987) reviewed the application of ESR dating of bones and 
concluded that bones are not datable with ESR. Some of the results of this study confirm 
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Table 4.7: Results of the FTIR, XRD, EDXA and SEM Analyis for the bones of 
Batadomba cave. 
Sample CO3 PO4 CO3 IRCI XCI EDXA SEM ESR 
(1456 cm-1} (1036 cm-11 (873 cm- 1} CaLP Groug Groug 
M-44 5.9 2.4 1 
M-418a 17 35 7 6.0 3.1 4.0 1 1 
M-432 12 30 3 6.3 .3.8 4.2 1 1 
M-428 4 8 1 7.3 4.2 1 
M-416 10 26 5 5.8 6.1 2.0 1 2 
M-447 6 21 2 8.1 5.3 3.1 1 2 
M-42 13 18 7 5.9 6.4 1.9 1 3 
M-429a 16 31 5 5.8 5.2 3.2 3 
M-429b 9.1 2 3 
M-436 15 35 9 6.2 4.8 1.7 3 3 
M-437 7.9 2 3 
M-438 14 25 4 7.3 6.1 3.5 2 3 
M-439 10 42 2 10.0 10.0 5.8 1 3 
M-446 17 25 2 6.8 4.1 8.5 1 3 
M-414 28 30 19 5.4 5.8 1.5 3 4 
M-418b 4.3 1.7 1 4 
M-424 12 20 5 5.7 3.8 2.4 2 4 
M-429 20 28 9 6.0 2.3 2.2 2 4 
M-445 3.9 2 5 
M-440 6.1 1 5 
For comparison, the crystallisation indices were re-scaled to 10 . 
SEM 1: original bone texture preserved; 2: mineralisation of apatite; 3: calcification 
ESR 1: EU results reasonable; 2: LU results reasonable; 3: AU age are out of range. 
4: no definable signal; 5: complete saturation 
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Figure 4.27. SEM photographs (top) and EDXA (bottom) images of bone samples. Three groups were distinguished: 
Group 1(4.27A) showing clear unaltered bone structures and high phosphorous/calcium ratios; Group 2 (4.27B) 
crystallised samples with lower phosphorous/calcium ratios; Group 3 (4.27C) calcified bones with nearly complete 
removal of phosphorous. 
~ I .. 
~ ::::-
-§ -n:i .., 
~ .. 
t::::, 
;::i -.... ;:: 
~ 
~ 
.:2. 
n:i 
(") -.... 
t::::, 
;::i -;;· 
~ 
V'.l 
E' 
;::i. .... 
n:i 
(.-, 
~ 
~ ... .., 
n:i 
n:i 
~ .., 
(") 
::::-
;::i 
n:i 
(::) -(::) 
~ .... 
(") 
;::i -V'.l .... -n:i (.-, 
~ 
V'.l .., .... 
~ 
;::i 
;:: 
;i:;,-
;::i 
""'""' Ul 
"° 
Chapter 4: Dating project 1: Dating Studies of Three Archaeological Sites of Sri Lanka 160 
the views of Grun and Schwarcz (1987), others do not. Nearly all bones have significant 
uranium concentrations although they are supposedly not particularly old. Grun and 
McDermott ( 1994) have shown that the uranium uptake of teeth and bones is not 
predictable, not even on the level of a single layer at a given site. Therefore, it would 
not be surprising if sometimes the EU model give better age agreements whereas at other 
times the LU is to be pref ered. All samples of ESR Groups 1 and 2 showed the original 
bone structure in the SEM pictures and it can be assumed that recrystallisation was 
negligible. Unfortunately, SEM alone cannot necessarily identify samples that may be 
suitable for ESR, because some samples from SEM Group 1 were not datable with ESR. 
Age underestimations can be readily explained by the arguments of Grun and Schwarcz 
(1987) and this is supported by the SEM images. However, there is not a simple trend 
of age underestimations. The reason probably lies in the occurrence of non-radiation 
sensitive lines. As noted above, the DRC' s of some samples are completely saturated, 
possibly in heated samples. The superposition of those signals with radiation sensitive 
ones would lead to age overestimations. 
Sample M-44 falls into ESR group 1 with reasonable ESR age estimate (EU) although 
14C results obtained for the organic fraction are severely underestimated. Sample M-429 
does not show any definable ESR signals and falls into ESR group 4 and SEM group 
2, but gives a better 14C age estimate for the organic fraction than for the inorganic 
fraction. The SEM image shows that this sample is mineralised and therefore the 
inorganic fraction could be more altered than the organic fraction. Sample M-439 falls 
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into SEM group 1 and ESR group 3. Although the original bone texture is visible in this 
sample the Ca:P ratio is more than double the modern bones (Hassan, 1975). This 
sample therefore seems to be highly recrystallised and this is supported by the high 
crystallinity index values obtained for XRD and FTIR (Table 4.7). Furthermore, layer 
7C may have incorporated older materials which may apply to the faunal contents. 1>.i 
Sp¢-~~~ o{ ~.,.;n,4'l.r ~Hf~ (;Jtt. d,d;~_j {Ok.1J "''t- iJo,.f-:./it__d •It-,.,.,,,_, be-1...,.,j 
t;" Ava; w, ~, 5 t-.. l.-. 4- i °"' c. J i,... $t..c 1--.· """ Lt • ~ • 3 ~"' t '- °' s f l1 p'-t • f\ f J J «;) ... u. Y- "'._ ~ ..-y-
b "' t1 ~ 1 () ) b l ~ ' ' r ; j I s .It.""' b "- r ' J t.. t.. y d\."" d M ~ ti:.~ 7 ; t"\(!'""' J ; ~ h Lun , "'r\ $' • 
Conclusions: ESR dating of bone seems to be fraught with many complications, though 
some samples provided reasonable age estimates. The radiocarbon dating of three 
samples used for ESR dating did not give any reasonable age estimates. Most of the 
dating discrepancies can be explained by material investigations carried out by XRD, 
FTIR and SEM indicating that many bones have lost their initial structure and have 
experienced different degrees of mineralisation. At present, it does not seem possible to 
establish any sort of chronology with ESR dating of bones for this site. 
4.3.1.2.6. Luminescence dating of sediment 
Results and discussion: Sediment samples of the Batadomba-cave were analysed by 
OSL and TL. TL glow curves fall into two different groups: one having a peak in the 
natural sample at about 280 °C and a second one with two peaks at 280 °C and at about 
350 °C (see Figure 4.28). The age estimates were calculated for temperature ranges of 
273-303 °C and 317-380 °C. Luminescence dating results are presented in Table 4.8 and 
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Figure 4.28. The two groups of TL glow curves for sediments of Batadomba 
cave. The first group (A), samples from layers 3 and 5, has one distinct peak at 
280 °C whereas the second group, (B) samples from layers 7 A to 7C, has two 
peaks around 280 ° C and 350 ° C. 
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Table 4.8. Luminescence dating results for the sediments of the Batadomba cave. 
Note:TL ages were determined for peaks at 273-303 °C and 317-380 °C (*). 
TL and OSL ages were determined for grain size 90-125µm 
Dose rates were determined by U (DNAA), Th (NAA), K (NAA) and y ray Scintillometry. 
Layer Sample DE Sediments External dose rate (µGy/a) Total dose Age estimates (ka) 
no: no: (Gy) rate 
u Th K waler a p y (µGy/a) TL OSL 
(ppm) (ppm) (%) (%) 
4 M-50 22.0 ±2.7 3.37 8.40 0.70 16.5 ±8 49 ±21 962 ±59 886±45 1898 ±81 11.59±1.5 
29.1 ±4.1 15.3±2.2 
26.8 ±7.5 14.1 ±3.7" 
5 M-51 22.3 ±2.0 1.91 4.58 0.67 12.4 ±6 28 ±12 735±61 986 ±50 1749 ±82 12.7 ±1.2 
20.4 ±4.9 11.7 ±2.8 
18.3 ±4.0 10.4 ±2.3" 
6 M-52 33.9 ±2.9 5.36 9.35 0.76 10.0 ±5 71 ±30 1301 ±95 1)37 ±72 2510 ±176 13.5 ±1.5 
7A M-53 47.3 ±4.0 4.28 10.5 I.OJ 9.25 ±5 67±28 1388±100 1612 ±80 3067 ±138 15.4 ±1.4 
7B M-54 52.0 ±15.0 5.99 11.6 l.10 8.3 ±4 85 ±36 1685±98 1648 ±80 3418 ±140 15.21 ±4.4 
65.5 ±10.1 19.1 ±3.0 
268 ±40 78.0 ±U .0" 
7C M-55 1)3.5 ±14.1 8.22 16.5 2.23 13.9 ±7 109 ±46 2617 ±152 1972 ±103 4697 ±268 24.) ±3.3 
265 ±132 56.4 ±27.5 
173 ±72 36.8 ±15.1° 
7C M-56 70.0 ±8.5 5.92 13.9 2.07 17.7 ±8 79 ±34 2104 ±243 1525 ±164 3708 ±419 18.8 ±3.1 
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Figure 4.29. The OSL results mirror the radiocarbon chronology, but there seems to be 
an offset of about 2000 years towards younger ages for the OSL results. 
The TL analysis shows a similar trend of an age offset for layers 4 to 5 followed by 
scattering of age estimates for layers 7B and 7C (Figure 4.29). The data points for the 
layers 6 and 7 A were too scattered for any reliable dose value estimates. 
Figure 4.30 shows a comparison of the in situ gamma dose rate measurements for layers 
4 to 7B (the data files of the in situ gamma spectrometric measurements for layer 7C 
could not be retrieved from the instrument). The neutron activation results are generally 
lower than the in situ gamma measurements. This can either mean that there is 
disequilibrium in the U-decay chain or that the sediment samples do not represent an 
infinite matrix for gamma rays. If the U-chain were in disequilibrium, the data would 
indicate that uranium leaching had occurred, because the neutron activation analysis 
determines the parent isotopes whereas the counting rate of the Nal detector is mainly 
dependent on isotopes near the end of the U-decay chains. Strong uranium depletion has, 
for example, been observed in Australian cave deposits (Roberts, pers. comm.). 
However, considering the layering at the site (see Figure 4.8), it is not possible to 
distinguish between disequilibrium of the U-decay chains and an inhomogeneous 
environment. High-resolution gamma spectrometry carried out for 10 samples from 
Batadomba cave and Beli cave yielded inconclusive results because of large 
uncertainities in the measured values. For example the analytical values for sample M-53 
(Batadomba cave layer 7A) were 235U: 51.36±16.42 Bq/kg; 230Th: 165.11±201.88 Bq/kg; 
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Figure 4.29. Luminescence dating results for the sediments of 
Batadomba cave compared with 14C charcoal ages. 
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Figure 4.30. Comparison of in situ gamma spectrometric measurements 
and calculated gamma dose rates from elemental analyses. 
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226Ra: 43.78±1.61 Bq/kg; 210Pb: 75.37±109.35 Bq/kg. The errors associated with these 
measurements are too large to allow any conclusion. Systematic U-leaching could 
explain the offset between the luminescence and charcoal results. 
The optical ages are reasonably precise for the upper layers, in the range of about 10%, 
but the precision is significantly reduced in layers 7B and 7C, rising to about 15 to 25%. 
The TL data have uncertainties similar to those for the OSL results, which begin in the 
range 15 to 25% in layers 4 to 7 A, then increase up to 50% for those in layer 7C. The 
larger scattering in the data on the lower layers is not surprising, as these (7 A, 7B and 
7C) show episodes of colluvial hill wash (Deraniyagala, pers. comm.). It should also be 
noted that these lower layers may also contain substantial amounts of fragmentary 
bedrock (see Figure 4.8). All these factors give rise to the greater scatter in the OSL 
measurements seen from these lower layers (see also Figure 4.31). This interpretation 
is supported by the discrepancies between TL dates measured for the lowermost layers 
using the 273-303 °C and 317-380 °C TL integrals. It is expected that poor bleaching 
would leave greater residual TL in the higher temperature region of the glow curve 
(Spooner et al., 1988) which could cause age discrepancies of the type seen. However, 
the scatter in the data prevents firm conclusions from being drawn. 
Also seen is a change in shape of the TL glow curves, from the lower portion of the 
deposit (layers 7C to 7 A) to the upper (Figure 4.28). This shape change may well 
indicate the change in the sediment source. An alternative explanation is that repeated 
heating of the lower layers (layers 5 to 7C) by fires within the shelter, as evidenced 
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sample M-55 from Batadomba cave. 
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from the extensive ash deposits, charcoal enrichment and discolouration, have altered 
the glow curve shape by affecting the relative radiation sensitivities of the dominant TL 
peaks. It is apparent that this shelter represents a complex system for luminescence 
analysis. 
Conclusions: Luminescence dating of this site demonstrates that optical, and to a lesser 
extent TL, dating have the potential to provide reasonable age estimates for these rock 
shelters which are not completely sealed from light. The precision of the OSL results 
allows establishment of a reliable chronology for this site provided that the problem of 
disequilibrium is properly addressed. 
4.3.1.3. Conclusions of the dating results for Batadomba cave 
14C, ESR, TL, and OSL analyses were carried out on charcoal, bones, shells, and 
sediments from the Batadomba cave. Dating techniques were complemented by FTIR, 
XRD, SEM and chemical tests. It could be shown that phosphates were mobilised at the 
~ 
site, presumable leached from bones as wellf bat dung, and partly re-deposited in shells. ,..., 
In comparison to 14C charcoal chronology, 14C dating of unaltered shells gave consistent 
results. The phosphatised shells gave younger age estimates, in the range of 30-90% of 
the expected age. Burnt shells, although being completely converted from aragonite to 
calcite, gave reasonable age estimates. Some of the ESR dating results of unaltered and 
burnt shells provided reasonable agreement with the charcoal chronology. However, 
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some white as well as some of the phosphatised samples yielded age over-estimations. 
However it must be noted that all unburnt, post depositionally unaltered, Paludomus 
shells sampled in this study and screened with simple chemical tests, agree to within 1-a 
range with the calibrated charcoal dates. 
ESR results on bones seem to be inconsistent. The main reasons for this is seem to be 
heating, diagenetic alterations, and unpredictability of U uptake. Some samples in the 
lowermost layer (7C) only had about 1.04 ppm (M-439) and 1.3 ppm (M-437) of U 
indicating the possibility of U leaching, which would have given the overestimated ages. 
However, some of the outliers could be explained by diagenetic alterations of the 
samples. ESR dating of bone therefore seems to be fraught with many complications, 
but also it provided some reasonable age estimates. The results imply that this 
application of ESR dating cannot provide any reasonable chronology for the site. 
Luminescence dating results are very prom1s1ng for the upper layers where 
contamination by colluvial and bedrock material is minimal. But for lower levels, where 
the sediments are significantly contaminated with colluvial and bedrock, the TL DRC' s 
are scattered and the age estimates are inconsistent. In contrast, the OSL age estimates 
agree to within error limits demonstrating that OSL has great potential for becoming a 
routine dating technique in archaeology. 
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4.3.2. Beli cave 
Beli cave is located in Kitulgala, between Y atiyanthota and Ginigathhena in the Kegalle 
District (6°58, N, 8° 25' E) (Figure 4.1 ). From Kitulgala access to the site is four miles 
through the hilly terrain of the Ing-oya estate. The Beli cave is the largest of the three 
sampling sites. Due to the stripping of fertiliser by the villagers, the upper strata of a 
considerable area of the cave floor are disturbed. 
The cave site (Figure 4.32) was first reported by P.E.P. Deraniyagala in 1960 (Wijepala, 
pers. comm.) though no detailed description has been published. The Archaeological 
Department of Sri Lanka started its excavation program in 1978 and further excavations 
were conducted 1979 and 1983 under the direction of S.U. Deraniyagala (Wijepala, in 
preparation (b)). 
4.3.2.1. Stratigraphy 
The stratigraphic section of this cave is given in Figure 4.33. Deraniyagala (pers. comm.) 
has observed that the upper levels down to layer IVb are comprised of 80-90% cultural 
deposit and 10-20% colluvial hill wash in contrast to the lower levels Illa to Ille which 
consist of 80-90% colluvial hill wash and 10-20% cultural deposit. The context 
sequence of the cave is given in Table 4.9 along with description of the samples 
collected and their corresponding radiocarbon dates. Twenty five radiocarbon dates on 
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Figure 4.32. Distant view of Beli cave. 
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Figure 4.33. Bell cave general stratigraphic section (Deraniyagala (pers. comm.)). 
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context stratigraphic sediment shell 14C age 
number details cal. (ka) 
X-IXa(l) disturbed 
Vllla(l) dump 
VIIa(2) pit-fill 4.00±0.10 
VIla(l) pit-fill 3.40±0.12 
Vlb(l) habitational 9.15±0.12 
deposit 
Vla(l) habitational 7.88±0.10 
deposit 
Va(3) habitational M-15 11.80±0.60 
deposit 12.00±0.35 
11.50±0.45 
13.52±0.20 
13.56±0.25 
13.80±0.27 
13.95±0.50 
Va(2) habitational M-2 M-23 13.49±0.25 
deposit M-16 
Va(l) habitational M-24 14.34±0.24 
deposit M-24a 
M-18 
IVb(3) habitational 13.88±0.14 
deposit 
1Vb(2) habitational M-5 13.75±0.50 
deposit 15.81±0.15 
IVb(l)-Illc(4) habitational 
deposit 
IIIc(3) habitational 15.75±0.17 
deposit 
IIIc(2) habitational M-7 18.72±0.40 
deposit 19.35±0.70 
21.60±0.30 
Illc(l) habitational M-8 21.29±0.30 
deposit 
Illb(l) habitational M-9 21.37±0.75 
deposit 22.40±0.50 
llla(3) habitational 24.06±0.20 
deposit 
Illa(2) habitational > 27.92 
deposit 
Illa(l) habitational M-11 
deposit 
II sterile aluvial 
gravel 
I bed-rock 
Table 4.9. Beli cave context sequence, location, sample numbers, 
sample materials and the radiocarbon dates on charcoal. 
r 
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charcoal have been previously obtained on this cave and they show a more or less 
regular age increase from about 4 ka BP layer Vlla(2) to 27 ka BP layer IIIa(2) 
(Deraniyagala, 1992). 
4.3.2.2. Dating results 
This section presents the dating results of the multi-dating studies carried out for Beli-
cave. As for Batadomba cave, existing radiocarbon results on charcoal were calibrated 
and this chronology is used for the assessment of the other dating results. 
4.3.2.2.1. Radiocarbon dating of shell 
Results and Discussion: The radiocarbon dating results on shells (Table 4.10 and Figure 
4.34) show close agreement with the radiocarbon dates on charcoal. A potential hard 
water effect on the shells of Acavus seems to be insignificant as the o13C value obtained 
on one sample is within range of the modern shells at Batadomba cave (see Tables 4.10 
and 4.2). However, the o13C value for the Paludomus sample M-24 indicates a slight 
limestone dilution effect or percolating water exchanging CO2 with the shell. The 
14C age 
of this sample is also slightly older than the radiocarbon charcoal ages. 
Conclusions: as seen at Batadomba cave, shells do not show a hard water effect and 
provide reliable radiocarbon results. Although some phosphatisation has been observed 
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Table 4.10: Radiocarbon dating results from Beli Cave. 
Sample Layer Lab. Species one 14C Age-Charcoal .. 14C Age-Shell 
No. Code (%0) cal. (ka) cal. (ka) 
VIIa(2) **Beta-18448 4.0(h0.10 
V!Ia(l) **PRL-1012 3.40±0.12 
VIb (1) **Beta-18446 9.15±0.12 
VIa (1) **Beta-18445 7.88±0.10 
Va (3) **BS-287 11.80±0.60 
Va (3) **BS-288 12.00±0.35 
Va (3) **BS-289 11.50±0.45 
Va (3) **BS-290 13.52±0.20 
_ Va (3) **BS-291 13.56±0.20 
Va (3) **FRA-91 13.80±0.27 
Va (3) **PRL-861 13.95±0.50 
M-15 Va (3) **ANU-9246 Acavus 11.02±0.40 
Va (2) **BS-292 13.49±0.25 
M-23 Va (2) ANU-9249 Paludomus 12.78±0.12 
M-16 Va (2) ANU-9247 Acavus -11.70±0.2 12.62±0.17 
Va (1) **BS-293 14.34±0.24 
M-24 Va (1) ANU-9206 Paludomus -5.14±0.2 15.50±0.65 
1 Vb (3) **Beta-33287 13.88±0.14 
1 Vb (2) **BS-294 13.75±0.50 
1 Vb (2) **Beta-33286 15.81+0.15 
•· Radiocarbon charcoal data from Deraniyagala (1992). Only the upper layers of the cave shown. 
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Table 4.12. Annealing studies of fossil shell samples M-15 and M-18 from Beli cave 
unannealed annealed 
ESR signal 2.0007 2.0007 2.0007 2.0007 2.0056 2.0056 
power 100 2 100 2 100 2 
(mW) 
M-15 29±3.6 200±947 1.53± 1 NDDS 9.77±8.4 NDDS 
DE (Gy) 
M-18 22.7± 1.4 SAT NDDS NDDS 19.63±6.8 29.08±5.8 
DE (Gy) 
Note: SAT (DRC is saturated), SCAT (DRC is scattered) and NODS (no defineble dating signal). 
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However, all shell samples used for radiocarbon dating from the same layers gave 
reasonable age estimates (Table 4.10). No coloured shells were found in this cave site. 
Conclusions: In this site phosphate mobilisation seems generally less severe than at 
Batadomba cave. However, all shell samples show some minor incorporation of 
phosphates which did not affect the 14C results. As at Batadomba cave, it is not possible 
to pinpoint the reason for the ESR age overestimation of some of the white samples .. 
4.3.2.2.3. Luminescence dating of sediments 
Results and discussion: Table 4.13. and Figure 4.38 show the luminescence dating 
results for the sediments of the Beli cave. There is a clear trend of both TL and OSL 
age estimates which increase with depth of the cave. The uncertainties of the age 
estimation of the OSL results are between about 15 and 30% whereas most of the TL 
results are associated with errors in the range of 30 to 40%. The main source of error 
lies in the determination of the dose value (see Table 4.13). All OSL results but one (M8 
from layer Illb(l)) agree with the charcoal chronology. All but two TL age estimates 
also agree with the charcoal chronology, the two outliers were based on the higher 
temperature ranges. 
Most OSL samples have reasonably good DRC's as shown in Figure 4.39. However, 
sample M-9 shows a severe age overestimate which may be due to contamination with 
Layer Sample 
no : no : 
Va(2) M-2 
Va(2) M-2 
Va(2) M-2 
1Vb(2) M-5 
1Vb(2) M-5 
1Vb(2) M-5 
lllc(2) M-7 
lllc(2) M-7 
lllc(2) M-7 
lllc(I) M-8 
lllb(I) M-9 
Illb(l) M-9 
lllb(I) M-9 
Illa(!) M-11 
Grain D< Sediments External dose rate (pGy/a) Total Age estimates size (Gy) u Th K water dose (pm) (ppm) (ppm) (%) (%) a D ., rate TL 
(µGy/a) (273-303°C) 
180-250 17.6±5.4 1.86 6.96 0.34 10.2±5.0 21±9 558±45 886±45 1465±66 
100-125 31.7±12.3 1.86 6.96 0.34 10.2±5.0 36±15 577:t-52 886±45 1499±73 21.17±8.30 
100-125 26.8±10.3 1.86 6.96 0.34 10.2±5.0 36±15 577±52 886±45 1499±73 
180-250 23.8±5.0 5.26 6.44 0.52 1.7.0±8.0 33±14 960±85 870±45 1862±101 
100-125 22.7±7.9 5.26 6.44 0.52 1.7.0±8.0 55±24 969±121 870±45 1894±140 11.98±4.2 
100-125 16.5±6.5 5.26 6.44 0.52 1.7.0±8.0 55±24 969±121 870±45 1894±140 
180-250 43.8±8.5 8.01 19.40 0.89 23.9±12.0 61±26 1582±169 1122±55 2764±188 
180-250 36.9±12.5 8.01 19.40 0.89 23.9±12.0 61 ±26 1582±169 1122±55 2764±188 13.34±4.6 
I ll0-250 113.3±17.2 8.01 19.40 0.89 23.9±12.0 61 ±26 1582±169 I 122±55 2764±188 
180-250 71.0±11.0 7.40 22.50 1.37 23.0±11 .0 59±26 1751±291 1281±65 3091 ±311 
180-250 101.7±8.S *3.74 14.90 1.33 16.2±8.0 39±17 1423±165 1248±132 2710±301 
180-250 74.1±15.7 *3.74 14.90 1.33 16.2±8.0 39± 17 1423±165 1248±132 2710±301 27.35±6.54 
180-250 69.6±27.2 *3.74 14.90 1.33 16.2±8.0 39±17 1423±165 1248±132 2710±301 
180-250 60.0±20.0 *3.60 8.37 1.18 21.0± 10.5 26±11 1122±176 757±38 1905±185 
Table 4.13. Luminescence dating results for the sediments of the Beli cave. 
Note: (dose rates were determined by U (DNAA and NAA (*)), Th (NAA), K (NAA) and 'Y ray scintillometry) 
(ka) 
(3 I 7-380°C) 
17.88±6.92 
8.71±3.49 
4 I.I 6±6.82 
25.68± I 0.43 
OSL 
12.01±3.72 
12.78±2.77 
15.84±3.25 
22.96±4.24 
37.52±5.21 
31.49±10.9 
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different time integrals) of sediment sample M-9 from Beli cave. 
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the fragmentary bedrock material. The same process seems to have affected the 
lowermost sample M-11 which gave an age estimate with the largest error (Figure 4.38). 
TL glow curves of the samples fall into two different groups as in the case of 
Batadomba cave, one having a peak in the natural sample at about 280 °C and the other 
having two peaks at 280 °C and 350 °C. The TL ages were calculated for the two 
temperature ranges 273-303 °C and 317-380 °C (Figure 4.40). The age estimates for the 
two temperature ranges agree within the error limits except for sample M-7 (layer 
IIIc(2)). Furthermore, the data points of samples M-8 and M-11 were too scattered for 
obtaining any meaningful dose values. Thus it was not possible to derive useful age 
estimates. 
The in situ gamma dose rate measurements, and those calculated from the elemental 
analysis, are shown in Figure 4.41. The layers, which represent about one metre of the 
profile, show larger variations within the elemental analysis than within the gamma 
spectrometric measurements. This, is expected because the in situ measurement average 
the gamma sources within about 30 cm around the probe. 
Conclusions: although most of the luminescence results agree with the charcoal 
chronology, the results are associated with very large errors. OSL generally provided 
smaller errors and better results than TL. However, the mixture of the sediments with 
bedrock material seem to complicate luminescence analyses. 
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313 °C - 380 °C (below) for sediment sample M-5 from Beli cave. 
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4.3.2.3. Conclusions for Beli cave 
The dating results of the materials at Beli cave are similar to those obtained from 
Batadomba cave. The radiocarbon results on shells are reliable and do not show any 
hardwater effect. ESR dating of shells provides some reasonable results and some 
outliers which cannot be adequately explained. OSL and TL dating are associated with 
the largest errors, OSL being generally more reliable than TL. 
4.3.3. Doravaka-kanda cave 
This site (Figure 4.1 ), also called Atha-bandi lena ( elephant tied cave), is located in 
Ebidigala village, 15km along the Warakapola-Anguruwella road. Excavation of this 
cave (Figure 4.42) was commenced in 1991 and completed in 1992 (Wijepala, in 
preparation, a) and yielded 12 phases of habitation. The stratigraphic sequence (Figure 
4.43) contains crude red-brown ware in association with stone tools dated 6.31 ± 0. 70 
ka BP. This may be the first evidence for a Sri Lankan Neolithic period. The seeds 
found have yet to be identified but are suggestive of a cereal (Wijepala, in preparation 
(a)). The purported occurrence of black and red ware at 4.43 ± 0.70 ka BP is remarkably 
early compared with its age in India. Over 50 engravings in the wall of the cave have 
been copied by the Department of Archaeology, Sri Lanka and comprise symbols and 
animal sketches. The caves stratigraphic sequence section (Figure 4.43) and context 
sequence are given in Table 4.14 along with the details of the samples collected for this 
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Context number sediment charcoal 14C age cal. (ka) 
22 MA-77 M-77 *1.60 ± 0.15 
34 0.67 ± 0.05 
37 0.88 ± 0.09 
43 1.05 ± 0.06 
45 0.91 ± 0.07 
48 1.55 ± 0.10 
49 MA-76 1.93 ± 0.05 
60 MA-74 5.07 ± 0.14 
61 5.20 ± 0.15 
64 MA-71 7.26 ± 0.10 
l 
65 
66 MA-70 
Table 4.14. Doravaka-kanda cave context sequence, location, sample numbers, sample materials and 
radiocarbon dates on charcoal (* ANU and Wijepala, in preparation (a)). 
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study and with the corresponding calibrated radiocarbon dates. Although, the site 
t:o-.A cl b~ 
contained numerous pieces of pottery, no shells or suitable bone samples L. -~-=~ _ _ _ 
Collected •· •• ,•.:-_," • '"_,... • - t-• .~ ' C ,-, :T• ,:._,' ~- • --'-__ ' I, ...;; ..J ~.....,..;. ~ \. - _. - - ' --=- ..... , ..,,, ,:.__I; --!. •.i- .:... -- ---~ - -
4.3.3.1. Dating results 
This section presents the dating studies carried out for the Doravaka-kanda cave 
following the procedures outlined for the other two cave sites. The site did hardly 
contain any material other than charcoal suited for radiocarbon dating, and none for 
ESR. 
4.3.3.1.1. Radiocarbon dating of charcoal 
The radiocarbon chronology (Wijepala, in preparation (a)) of Doravaka-kanda cave is 
shown in Table 4.14. The 14C ages are more or less increasing with depth. The charcoal 
sample collected from layer 22 (which is included in Figure 4.44) gave a radiocarbon 
date of 1.60±0.15 cal. ka (Table 4.14) slightly older than other radiocarbon dates 
obtained earlier for the uppermost layers of the cave. 
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4.3.3.1.2. Luminescence dating of sediments 
Results and discussion: the results of the luminescence dating analyses are shown in 
Table 4.15 and Figure 4.44. OSL results for the uppermost layer MA-77 (layer 22) has 
a precision of 16% and agrees well with the corresponding 14C date. The next OSL 
result, MA-76 (layer 49) falls between the radiocarbon results from the same layer and 
the underlying one (layer 60) and can therefore still be regarded as reliable. However, 
the OSL age estimates of sample MA-74 (layer 60) shows a severe age overestimation. 
The precision of these samples is in the range of 10%. The OSL age estimate of sample 
MA-74 (layer 60) is three times older than the 14C age estimate and is in strong 
contradiction to the archaeological evidence ( occurrence of black and red ware pottery 
)'oH;» ,e. 
andLcereals (see section 4.3.3). For the upper layer 22 and the middle layers 49 and 60, 
the DRC's are well defined as shown in Figure 4.45 (upper diagram). The DRC' s for 
the samples MA-71 and MA-72 from the lowermost layers 65 and 66 could not be 
calculated because of the large scattering of the data points (see Figure 4.45, middle and 
bottom diagram). The possible explanation for these discrepancies is that these materials 
may be contaminated with decomposing bedrock material, particularly the lowermost 
layers. 
The DRC's of all TL samples are close to saturation (Figure, 4.46), implying that the 
sediments were not properly bleached before deposition and/or were contaminated by 
bedrock material as this cave is narrower than the other two caves (see Figure 4.43). 
It 
Layer Sample DE Sediments External dose rate (µGy/a) Total Age 
no: no: (Gy) dose rate (ka) 
(µGy/a) 
u Th K H20 (X fl 'Y 
(ppm) (ppm) (ppm) (%) 
22 MA-77 3.5±0.4 1.70 22.5 1.21 29.4±15 35±16 1050±253 1235±60 2319±270 1.50±0.24 
49 MA-76 10.5±0.5 1.02 24.4 1.49 22.0±11 40±17 1304±215 1288±65 2632±233 3.99±0.40 
60 MA-74 33.5±2.0 1.05 24.4 1.25 14.0±7 46±18 1320±133 1148±60 2514±153 13.23±1.10 
Table 4.15. Luminescence (OSL) dating results for the sediments of Doravaka-kanda cave. 
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I eel 
It is very unlikely that extreme disequilibrium J~aJ to over-estimation of the 
luminescence results. 
4.3.3.2. Conclusions 
Doravaka-kanda cave serves as an example of how difficult it is to collect suitable 
material for dating and to obtain reliable results with luminescence dating. Without the 
charcoal cross-check only detailed knowledge of the archaeological remains can provide 
a means to assess the luminescence dating results. The occurrence of bed-rock 
contamination seems to affect the scatter of the OSL and TL data points. However, it 
is questionable whether this can be recognised in each case. 
4.4. Summary of Project 1 
The detailed dating studies at Batadomba, Beli and Doravaka-kanda caves have revealed 
significantly different qualities of dating results. With respect to aims of this study 
outlined in Chapter 1.2, the following results were obtained: 
4.4.1. Internal consistency and accuracy of the dating results 
The check of internal consistency is provided by the stratigraphy: the topmost layer is 
the youngest and the lowest one is the oldest. If the age estimates increase regularly with 
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the stratigraphic age of the layers and no inversion is observed one can regard the data 
set as internally consistent. As pointed out before, it was not possible to check whether 
the layers were deposited within short time intervals, separated by longer periods of no 
sediment formation or whether the sediments were more of less continuously deposited. 
There is always a problem to establish the precise age of a sample or archaeological 
layer independently. In the case of the three cave sites it is assumed that the charcoal 
chronology comes closest to the correct age. One may keep in mind that the wood had 
a certain age before it was burnt, say a few hundred years, but it is unlikely that a larger 
systematic error had occurred ( e.g. by the systematic use of the central parts of the 
oldest trees). However, such small uncertainties play no role when assessing the accuracy 
of ESR and luminescence dating. H ot.v t.v(r, Co WL\, o. r i ~...., 1"' t ·b, ... ~ r -c.J Lh-r j ~ 
dca..\-·,~j "Methc.»dS ·,\" f1'..~~ .Sh" .. dY wit\ ~~t t,.,t..1 J -f"'-yf\,~r ;"'- fo rl"l",..\--,·~ 
( $ e e ~, ~ l..\ (' ~ s 7 A-Th\"' A \:. -t'I v--.. -t t"-( ·~b ---_ o)_. ~-C-' q e:J =,) • 
4.4.1.1. Radiocarbon dating 
The analytical uncertainties of all radiocarbon age estimates were in the range of 2 and 
7%. This is of course age dependent. 
4.4.1.1.1. Charcoal 
As expected at the start of this investigation, radiocarbon dating of charcoal has provided 
good internal consistency. The uncertainties in the age estimates ranged between 2 and 
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7%. The charcoal data set from Batadomba Cave (see Table 4.1. and Figure 4.9.) has 
not a single inversion. The set for Beli Cave (see Table 4.9) has two inversions in the 
upper sequence with series of calibrated age estimates from the top to the lower layers 
of 4.00±0.10 ka (layer Vlla(2)), 3.40±0.12 ka (layer Vlla(l)); 9.15±0.12 ka (layer 
Vlb(l)) and 7.88±0.10 ka (layer Vla(l)). Layers Vlla(2) and Vlla(l) are pit fills and one 
would expect mixing of samples. The inversion between layers Vlb( 1) and Via( 1) is 
more than five combined standard deviations and is significant in term of the precision 
of the data, if sample re-deposition can be excluded. It shows that precise age estimates 
of archaeological layers cannot be obtained by a small number of samples ( e.g. one per 
layer). The other inversion in layer Va(l) is just somewhat larger than 1-a and can be 
attributed to a normal distribution. For Doravaka-kanda cave, one inversion can be 
observed in layer 22 where the radiocarbon results are about 4.5 combined standard 
deviations apart. 
Considering that five different laboratories were involved in the analysis of these data 
sets, one has to accept the charcoal data sets as excellent. Mobilisation of materials 
within these sites ought to be negligible. 
4.4.1.1.2. Shell 
Mollusc shells did not show postdepositional alterations: their radiocarbon dates turned 
out to be reliable. They did not show any hardwater effects which is somewhat 
surprising. The white, unaltered shells did not produce any age inversions. However, It 
J 
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is interesting to note that a burnt sample which had completely changed its crystal 
structure (also increased internal surfaces), did not falsify the 14C age, quite unlike the 
slow diagenesis observed in phosphatised sheils which have been shown to falsify the 
age substantially (Chappell and Polach, 1972). 
Without further investigations, it would not have been possible to pick up the 
phosphatisation that took place, particularly at Batadomaba cave. To our knowledge this 
is the first time that phosphatisation of shells has been observed although phosphate 
mobilisation has been observed in caves such as Tabun in Israel (Tsatskin, et al. , 1995). 
Radiocarbon dates of these samples are not internally consistent and they scatter to a 
great extent (by a more than a factor of 2). The radiocarbon analyses of the shell 
samples from Beli cave are internally consistent. 
Most of the unaltered, white shells lie within the ranges defined by the charcoal data. 
At Batadomba cave there are samples that are somewhat younger than the charcoal 
results from the same layer, but none deviates by more than 2 combined standard 
deviations. The burnt sample, which is completely recrystallised to calcite, is about 2 
standard deviation younger than the charcoal data but overlaps with the result on one of 
the white, unaltered shells. The coloured shells show significant radiocarbon age 
underestimations. Two of them, samples M-35 and M-36 (layer 7 A), are out by a factor 
of between two and four, whilst a third sample, M-305 (Layer 6), shows an age 
underestimation of about 1,750 years. At Beli cave, the shell samples are close to the 
charcoal chronology, but show deviations of up to about 1100 years, corresponding to 
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nearly 2 standard deviations in layer Val. However, this layer is only represented by 
one charcoal age estimate and one may expect that the deposition of the layer took 
longer than represented by the error bar of the charcoal data. 
4.4.1.1.3. Bone 
Radiocarbon analyses on bones are internally consistent in so far that the age estimates 
are in the correct stratigraphical order. The repeated analyses of the organic and 
inorganic fraction of sample M429 show that these results are about 3 combined standard 
deviations apart, indicating that the sample is generally affected by carbon exchange. 
Although the bone age estimates show increasing ages with depth, the 14C age estimate 
for the organic fraction of the bone sample M-44 is severely underestimated (by a factor 
of 9). Sample M-429 gives a better age estimate for organic fraction than the inorganic 
fraction, although both 14C age estimates are younger than the corresponding charcoal 
radiocarbon results (by about 20 standard deviations). Sample M-439 shows a 
considerably younger age than the corresponding charcoal samples (by a factor of 2). 
Chapter 4: Dating project 1: Dating Studies of Three Archaeological Sites of Sri Lanka 206 
4.4.1.2. ESR Dating 
All ESR dating results are associated with errors considerably larger than those for the 
radiocarbon results. One might expect that, just by chance, the correct age estimate is 
well within these relatively large error ranges. Unfortunately, this is not the case. 
4.4.1.2.1. Shell 
In earlier studies on coastal deposits shells have been used for dating with mixed success 
(see e.g. Katzenberger and Grun, 1985; Katzenberger and Willems, 1988; 1985 Radtke 
et al. , 1985; Molodkov, 1988; Imai and Shimokowa, 1993; Skinner and Shawl, 1994). 
The errors in the shell age estimates in this study have varied between about 8 and 25%. 
Despite of the large error bars, the data sets are not internally consistent. The DE-value 
of the modern living shell sample (0.9±0.04) Gy shows that the ESR signals are closer 
to zero and a systematic dose estimation in the range of 1 Gy will not introduce any 
large errors. The white as well as the coloured shells show four significant outliers at 
Batadomaba cave. The main scatter in age estimations is observed for white shells 
showing minimal postdepositional alterations. The coloured shells are well within this 
range. Provided that suitable measurement conditions were applied, the burnt shells 
resulted in reasonable age estimates. The reason for the large scattering of the results lies 
most probably in the fact that the dose response curves of shells are not well defined, 
showing inflexion points and dose pits. It is also possible that post depositional 
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alterations and heating may contribute to scattering of data. The intrinsic precision of 
ESR intensity measurements made it difficult to establish precise dose response curves, 
particularly, in view of the small samples that were available. Annealing recipes, as 
suggested by Yoshida (1995), did not lead to any improvements. 
Most of the shell samples (11 of 20) agree to within 1-a with the charcoal chronology. 
More interestingly, all unburnt Paludomus shell samples (M-46, M-50, M-44b and M-
304) in this study which do not show any post depositional alterations and are screened 
by simple chemical tests, agreed with the corresponding calibrated radiocarbon dates on 
charcoal within the 1-a range. Most of the outliers (7 of 8) are white shells, one of 
which gave a radiocarbon result that was in agreement with the charcoal chronology. 
Hence, sample mixup can be excluded. The associated analyses did not offer any reason 
for these age overestimations. 
4.4.1.2.2. Bone 
If it is assumed that the correct age of a sample is within the range defined by the EU 
and LU age estimates, as suggested for teeth (e.g. Grun & McDermott, 1994), the 
uncertainties involved in ESR bone age estimations lies between about 13 to 56%, most 
results have uncertainties in the 30% range. In spite of these large errors it is difficult 
to see any internal consistency in the data set from Batadomba cave. The layers that are 
represented by repeated analyses (5, 6, and 7C) show age spreads of about 5 - 43 ka, 6 
to 28 ka and 10 to 66 ka. Such scatter defies any statistical analysis. 
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The ESR age estimates on bones are problematic. All bone samples had accumulated 
significant amounts of uranium between about 1 and 40 ppm. Surprisingly, the sample 
with the highest uranium concentration was found in the topmost layer while the lowest 
concentration was found in a sample from the lowermost layer. This indicates that there 
may be a tendency for the U to leach from samples in the lower layers. The ESR results 
could be classified into five groups with: (i) reasonable EU age estimates ( 4 samples); 
(ii) reasonable LU age estimates (2 samples); (iii) all age estimates are out of range (8 
samples); (iv) no definable signal could be detected (4 samples) and (v) no radiation 
sensitive signals could be detected (2 samples). The latter two groups are of no particular 
concern as they cannot produce erroneous age estimates. Unfortunately, it was not 
possible by the use of SEM images, EXDA, XRD and FTIR data to pinpoint which 
processes influence the reliability of ESR results. Although it can generally be said, that 
the samples giving reasonable ESR results have their original bone structure preserved 
( as shown by SEM images), other samples showing the same structure gave ESR dating 
results that were out of range. 
4.4.1.3. OSL dating 
The uncertainties of the OSL age results were generally in the range of 10 to 20%. One 
sample at Batadomba and one at Beli Cave had uncertainties around 30%. All three data 
sets from Batabomba, Beli and Doravaka-kanda caves are internally consistent. 
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The OSL dating results showed very good agreement with the charcoal chronology at 
Beli cave (5 of 6 agree within the l-a range) and an offset of a few thousand years at 
Batadomba cave (5 samples being younger, the other two agree with the charcoal 
chronology). At Doravaka-kanda, the samples that provided OSL results show one 
outlier and two being within the charcoal range. The samples from the lower layers 
showed a strong scattering indicating the presence of material that was not bleached by 
sunlight, either decomposing bedrock or hill wash. 
4.4.1.4. TL dating 
The uncertainties of the TL age estimations based on the integrals of 273 to 303 °C and 
317 to 3 80 °C were in the range of 15 to 50% with most values lying between about 25 
to 40%. At both Batadomba and Beli Caves one sample from the lower layer shows a 
large discrepancy between the ages based on the two temperature ranges, the one of the 
higher range significantly older than the one based on the lower range. However, due 
to the very large error bars of these samples and the TL age estimates in the layer 
below, the two samples cannot directly be regarded as outliers. 
Most of the TL results at Batadomba cave fall into the same range as the OSL samples 
but the TL results have significantly larger associated errors. The effect colluvial hill 
wash in the lower layers of Batadomba and Beli Caves had a more pronounced effect 
on the TL age estimates than the OSL. 
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4.4.2. Suitability of materials 
The three different sites provide a good picture of the kind of material that one may 
expect to excavate at archaeological cave sites. All sites contained charcoal and quartz 
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speleothems (for radiocarbon, TL, ESR and U-series dating) or in situ volcanic ash 
bands (for U-series or a K/Ar test). The material available limited immediately the 
choice of dating techniques ( see also Chapter 1. 1). 
4.4.2.1. Charcoal 
Charcoal can only be dated by radiocarbon and this application provided the reference 
chronology for the sites. Beyond 40,000 years, charcoal becomes rather ineffectual for 
dating purposes. 
4.4.2.2. Shell 
Radiocarbon dating of white, unaltered shells provided very good results. ESR dating 
results are far less precise and some of the age results cannot be explained. ESR seems 
somewhat more robust against postdepositional alterations than radiocarbon dating. 
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4.4.2.3. Bones 
Bones were investigated by radiocarbon and ESR. Both techniques provided rather 
useless results with respect to establishing any precise chronologies. This is particularly 
noteworthy, because the ages of many archaeological sites are based on radiocarbon age . . 
estimates of bones. This is not to say that these are necessarily wrong, but a closer look 
at the preservation of the samples is advisable. 
4.4.2.4. Sediment 
OSL dating of sediments provided the best results of the non-radiocarbon techniques. 
Optical dating is less dependent on long exposure times to sunlight and seemed also less 
influenced by colluvial sediments than TL. Despite the use of long bleaching times for 
the TL age estimations, most the results were in agreement with the charcoal 
chronology, indicating that most of the sediments had been thoroughly exposed to 
sunlight in the past. The occurrence of bedrock is shown by a large scattering of the TL 
and OSL data points. 
4.4.3. Allied analyses 
The FTIR, XRD, SEM, EXDA and chemical tests demonstrated phosphate mobilisation 
at the cave sites which affected shells and bones. For shells, simple chemical tests can 
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be used for the identification of phosphate incorporation. The altered shells resulted in 
radiocarbon age underestimations. The results imply that radiocarbon dating laboratories 
ought to scan shell samples for such effects. 
Although it was also possible to group the shells and bones that were analysed by ESR, 
it was not possible to establish direct relationships between diagenetic processes and the 
reliability of ESR results. 
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Chapter 5 
Dating Project 2: AMS Dating of Fossil Teeth with 
Erroneous ESR Results 
5.1. Introduction 
Fossil teeth excavated from archaeological sites in Israel, South Africa and France 
(Figure 5.1) have shown ESR age estimates which were in strong contradiction to 
well established archaeological chronostratigraphies and independent age estimates. In 
most cases, the ESR age estimates are too young. For example, the ESR results from 
a range of Mousterian sites (supposedly older than about 34,000 to 40,000 BP), such 
as La Quina or Vignaud, were in the range of 20,000 to 30,000 years. Two possible 
explanation were given: 
(i) ESR dating is notoriously unreliable (Bowdler and Cavalli-Sforza, 1992) and 
(ii) the teeth are younger than the archaeological context (Grun, 1993). 
ESR investigations, such as spectrum deconvolution (Jonas, 1995), recalculation of 
the beta attenuation factors (Brennan et al., 1996), or pulsed ESR (Grun et al., 1997), 
identified some sources that may lead to incorrect age estimates, but the combination 
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of all these factors cannot explain the magnitude of age underestimation as seen in 
the above mentioned sites. Therefore, the first explanation seemed perfectly 
reasonable. However, it was argued from the ESR side (Orlin, 1993) that the fault 
must lie somewhere else and that the samples may not have the age of the layers in 
question, i.e. they were intrusive. As there are also indications that ESR dating can 
provide reasonable age estimates (see e.g. Orlin and Stringer, 1991 ), it seemed timely 
to analyse these samples with an independent dating method, AMS radiocarbon 
dating being the obvious choice. 
5.2. Sam pies 
The samples in this study may be divided into two groups (see Figure 5.1): the first 
contains those that gave reasonable ESR age estimates (559, 650 and 703) whilst the 
second group comprises samples with severe ESR age underestimations (531 , 649, 
680, 682, 700 and 701 ). 
Sample 531 was collected at Border Cave, South Africa, and is of Late Stone Age. 
ESR age estimates were 28±3 ka (Grun et al. , 1990) whereas radiocarbon (Beaumont 
et al., 1978, Beaumont, 1980) and amino acid racemisation (Miller and Beaumont, 
1989) yielded results of> 42 ka and about 38 ka, respectively. 
Sample 559 (ESR: 162±40 ka) is from Tabun, Israel, and was selected from the 
collection of the Museum of Natural History, London. The environmental dose rate 
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was reconstructed from neutron activation analysis of a range of sediment samples. 
The ESR age estimates from the sites were considerably older than those previously 
established (summarised in Griln et al. , 1991). However, subsequent U-series analyses 
of the same tooth gave a closely similar result of 162±4 ka (McDermott et al., 1993). 
Samples 649 and 650 were collected at the Mousterian site of Rond-du-Barry, France 
( de Bayle des Hermes, 1987). Both samples originate from the same layer and 
gamma spectrometric measurements were carried out in situ. The ESR results of the 
two samples were 18±4 ka (649) and 72.5±17.5 ka (650). Sample 650 looked 
macroscopically more weathered than sample 649 and is was suspected that the latter 
sample was intrusive to the layer in which it was found. 
Samples 680, 682 (ESR: 19±2 and 20±2 ka) from the Mousterian site of Vignaud, 
France, originated from collections. The environmental dose rate was determined at a 
witness section. 
Samples 700 (ESR: 30±2 ka) and 701 (ESR: 23±2 ka) were collected in situ from 
layers of the Mousterian site at La Quina. Gamma spectrometric and TL dosimetric 
measurements were carried out for the estimation of the external gamma dose rate. 
Neutron activation results indicate that the dosimetric measurements are correct and 
that disequilibria in the U-decay chains which may have effects on the correct 
estimation of the external gamma and beta dose rates (Olley et al., 1996), are not 
significant. TL age estimations on flint of 40±5 ka (Valladas, pers. comm.) agree 
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well with the archaeological assessment that the site is Mousterian (Jelinek et al., 
1989). 
Sample 703 originated from the collection of the National Museum of Prehistory at 
Les Eyzies and was collected from Layer H7 of the Mousterian site of Le Moustier. 
The ESR result of 39±7 ka (Mellars and Grlin, 1991) was in good agreement with 
previously published TL results on burnt flint (Valladas et al. , 1986; 1987). 
Apart from having different qualities of ESR results, the samples have also different 
qualities of sample integrity. For example, the samples at La Quina were collected in 
situ by R. Grun, whereas sample 559 was collected by Garrod during the 1929 to 
1934 excavation of Tabun (Garrod and Bate, 1937). The Tabun samples were never 
exactly recorded and associations with layers of more recent excavations (Jelinek, 
1982a,b) are ambiguous. Samples 649 and 650 were collected from the same horizon, 
but are macroscopically different. The more weathered sample 650 gave reasonable 
results whereas the fresh looking sample 649 resulted in an ESR age of less than half 
the expected value. 
All samples have in common that their expected ages are at the limit or beyond the 
range of radiocarbon dating of about 40,000 years. On the other hand, the ESR 
results of samples 531 (Border Cave), 649 (Rond-du-Barry), 680 and 682 (Vignaud) 
as well as 700 and 701 (La Quina) were well within the radiocarbon dating range. 
Therefore, it seemed it should be possible to decide with AMS 14C analysis whether 
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young ESR age results could be attributed to the fact that samples were intrusive or 
was it that the ESR results were systematically wrong. 
Because of the small sample size, AMS dating was carried out. Two avenues were 
pursued, acid evolution and stepwise thermal release of CO2• Heating to 600, 750 and 
900 °C combined with total de-gassing at these temperatures was chosen to obtain 
age estimates on the organic fraction, secondary carbonates and original carbon 
present in the hydroxyapatite mineral phase, respectively (Haas and Benewicz, 1980). 
Proteins combust in the temperature region of about 250 to 600 °C, carbonates 
dissociate at temperatures between 700 and 800 °C whilst hydroxyapatite is stable to 
about 950 °C. Therefore, CO2 collected at 650 °C is due to the combustion of 
organic matter in the teeth, the CO2 collected at 750 °C is derived from the carbonate 
fraction and the 900 °C CO2 fraction is due to carbon trapped in the hydroxyapatite 
lattice. 
5.3. Dating results 
For a first set of samples, acid evolution on enamel ( containing mainly 
hydroxyapatite and only about 3% organic components) and dentine (with a similar 
composition to bone) yielded AMS age estimates that were even younger than the 
ESR results (701 enamel: 5,670±160 B.P.; 701 dentine: 7,245±80 B.P.). These 
somewhat surprising results were the reason for choosing the thermal release method. 
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Figure 5 .2 displays the AMS results of the thermal release method. All samples show 
the same trend: the organic fraction ( 600 °C) yielded results between 5 and 15 ka, the 
secondary carbonate fraction (750 °C) gave results between modern and a few 
thousand years and the carbon fraction of the apatite (900 °C) produced age estimates 
of between about 5 and 10 ka. There was no difference whether the samples gave 
reasonable ESR age estimates or not ( compare Figures 5 .2a with 5 .2b) or whether the 
suspected age was about 40,000 (e.g. 700 and 701) or older than 150,000 years 
(559). 
The most surprising results were the very modern ages derived from the secondary 
carbonate fraction. However, similar results were obtained on the secondary carbonate 
about 9 ka old fraction of bones yielding activities of about 110 % modern (Haas and 
Banewicz, 1980). The secondary carbonate fraction in enamel is in the range of 4 to 
6% in both modern and fossil teeth (Rink and Schwarcz, 1995). The radiocarbon 
results imply that the complete exchange of secondary carbonates is very rapid, in the 
range of a few hundred to a few thousand years. Rink and Schwarcz (1995) 
suspected that the ESR signal used for dating, may be related to the secondary 
carbonates which has been attributed to co;. At present it is not clear whether the 
species is indeed axial or orthorhombic with gx=2.0032; gY=2.0018 and g
2
=1.9973 
(Callens et al., 1987). However, the very rapid exchange of this fraction in all 
samples would not allow any approximate ESR age estimates. The spectrum 
deconvolution studies by Jonas (1995) and Jonas and Grun (1996) have shown that 
the dating signal may be interfered with by several components. All doses of these 
Chapter 5: Datinf! Proiect 2: AMS Dating of Fossil Teeth with Erroneous ESR Results 220 
AMS results for enamel samples with reasonable 
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release method. 
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components were reasonably close so that it is unlikely that these signals are 
associated with the secondary carbonate fraction. 
The o13C values (Figure 5.3) of the organic fraction show a scatter indicative of 
possible variations of C3 and C4 plants in the diets of the animals concerned ( e.g. 
Sullivan and Krueger, 1981). The o13C values of the secondary carbonate fraction are 
more tightly distributed indicating a possible soil CO2 source. The o13C values of the 
apatite carbonate fraction show a wide scatter which suggest more complex origins. 
Some samples (682, 700, 703) indicate that the apatite carbonate is from the same 
source as the secondary carbonate fraction. The young age estimates of the 900 °C 
fraction suggests that there is at least some CO2 of this fraction is derived from the 
secondary carbonates. Certainly, there is little evidence of a 8%0 difference between 
the apatite carbon and organic carbon o13C values as described by Sullivan and 
Krueger (1981). 
For XRD scans see Figure 5.4. All peaks in these graphs are due to hydroxyapatite. 
Fluorapatite would have its 100% peak at dA = 3.000 which would occur at 2-theta = 
30° (i.e. between the highest hydroxyapatite peak at 2-theta = 31.5° and the 18% 
peak at 2-theta = 29°). The 100% calcium carbonate peak (dA = 3.035) would occur 
in the same interval. The natural sample shows badly resolved peaks whereas heating 
to 600°C leads to a much higher crystallinity expressed in the much higher and better 
resolved peaks. All samples show the same behaviour (Figure 5.5). The crystallinity 
of the natural samples of the two groups seems to be in the same range and the 
11 
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largest differences are actually seen for the two samples from La Quina (700 and 
701) which are supposed to be of the same age. After the first heating step, the 
crystallinity index is significantly higher and remains in this range. The XRD patterns 
demonstrate that the crystal structure of the hydroxyapatite is still intact after heating 
to 900 °C. 
The IR spectra (Figure 5.6) generally show a much smaller change with heating. The 
PO4 peak at 564 cm-
1 is shifted to 571 cm-1 in fluorapatite accompanied by a change 
of the shapes of the 603 cm-1 and 564-571 cm- 1 bands (Fischer, 1960). The 873 cm- 1 
band is associated with the carbonate ions located at the PO4 sites and the band at 
1034-1039 cm- 1 is due to phosphate ions (Rink and Schwarcz, 1995). The IR spectra 
(see Figure 5.6) are dominated by the phosphate troughs and show a very small CO3 
peak at 875 cm- 1• The major change seems to appear at 900 °C when IR intensity 
decreases over the whole range. The IR crystallinity index (Figure 5. 7, top) does not 
show such a dramatic change with heating and the general scatter is much wider than 
the XRD results. Due to its small size, the quantification of the CO3 dip is not 
satisfactory and the data show a large scatter (Figure 5.7, middle). The phosphate 
trough at 1036 cm- 1 (Figure 5.7, bottom) seems to peak at 750 °C, but, again, the 
data have a large scatter. The large scatter of the IR data do not allow any further 
categorisation of the samples. 
Previous authors have shown that FTIR can give extremely useful results on bones 
from archaeological sites especially with respect to preservation and diagenesis ( e.g. 
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Lucy and Pollard, 1995; Weiner and Bar-Yosef, 1990). Unfortunately, in our study, 
the very large scattering prevents any conclusions to be drawn from the IR data. J \.. ~ ,....,:, <. 
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This AMS study clearly demonstrates that neither acid evolution nor thermal release 
heating of tooth samples yields age estimates that come even near to the expected age 
ranges. The o13C ratios broadly confirm that the CO2 released in first heating step 
comes from the organic fraction, and the CO2 at 750 °C may be derived from 
secondary carbonates. The very high 14C activities of the latter imply that all teeth 
experienced a rapid carbonate exchange over a scale of a few hundred years. This 
high chemical activity may account for the generally young 14C age estimates of the 
other two fractions as well as the results based on acid evolution. It does not seem 
likely that ESR age estimates are influenced by this rapid carbonate exchange 
because the ESR age underestimations would be considerably higher than observed, 
similar to some of the fossil bones samples in this study (see chapter 4). 
Unfortunately, none of the analyses applied in this study has shed any light on the 
question why some samples give severe ESR age underestimations whilst many 
others do not. 
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Chapter 6 
Summary and Conclusions 
This chapter presents the summary and the conclusions of the multi-dating studies 
carried out in this thesis. The main objectives of this study were to compare different 
dating methods against a reliable "control" chronology; to evaluate the sources of 
discrepancies between dating methods, and to establish acceptable methods for 
selecting materials and methods for dating in archaeological sites. 
6.1. Conclusions for Project 1 
Radiocarbon dating proved to be the most reliable tool for the establishment of 
precise chronologies for the three cave sites. Nearly all charcoal results were 
consistent which is remarkable considering that five laboratories were involved in the 
analysis of the samples. Radiocarbon dating of shells provided similar good results, 
provided that those samples showing diagenetic alterations were excluded. These 
could be identified by simple chemical tests. 
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Optical dating seems to be the next best method within the radiocarbon dating range. 
The precision of the dating results is somewhat worse than radiocarbon, but nearly all 
results were reasonable. Furthermore, sediments containing quartz grains can be 
found at nearly all archaeological sites and the useful dating range exceeds 
radiocarbon by at least 100,000 years. Colluvial hill wash did not prove to be a 
major problem, but bedrock admixture seems to be more so. However, these 
problems can be identified by the large scattering of the data points. 
Thermoluminescence dating provided reasonable results, but the precision of the age 
estimates was somewhat worse than for OSL which was partly due to the procedures 
applied. It seems that the future of sediment dating lies in OSL rather than TL. 
The results of ESR dating on shells were mixed. On the one hand, some of the 
diagenetically altered samples gave reasonable results, indicating that ESR is 
somewhat more robust than radiocarbon dating. On the other hand, material that was 
not diagenetically altered resulted in severe age over-estimations. If it were possible 
to pinpoint the cause for these over estimations, ESR dating of shells would find 
many applications in the establishment of chronologies for archaeological sites. 
However, It is important to note that all unburnt, uncontaminated shells from one 
species Paludomus gave excellent results with charcoal chronology. 
ESR dating of bones seems to be fraught with many problems, so that it is unlikely 
to provide any reliable age estimates for archaeological sites in the immediate future. 
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It seems necessary to expand the routine application of allied techniques such as 
XRD, FTIR and SEM in dating applications to understand diagenetic processes at 
archaeological sites. 
6.2. Conclusions Project 2 
AMS radiocarbon analysis was carried out on two groups of tooth samples: the first 
one giving reasonable ESR age estimates and the second one giving serious age 
underestimations. All samples were supposedly older than 35 ka, the oldest being 
around 160 ka. Two pretreatment techniques were used for radiocarbon dating: acid 
evolution and thermal release. Heating to 600, 750 and 900°C, combined with total 
de-gassing at these temperatures, was chosen to obtain age estimates on the organic 
fraction, secondary carbonates and original carbonate present in the hydroxyapatite 
mineral phase, respectively. All radiocarbon results present senous age 
underestimations. The secondary carbonate fraction gives almost modern results 
indicating an extremely rapid exchange of this component. Owing to this very rapid 
carbonate exchange it is not likely that the ESR signals used for dating are associated 
with the secondary carbonates. 
Dating of teeth is the most widely applied dating application of ESR in archaeology. 
Many results have turned out to be reasonable ( with the present degree of 
knowledge), others do not. The reason for the age underestimation could not be 
identified in this study. Furthermore, radiocarbon dating of teeth, although rarely used 
....ii 
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in archaeological applications, is associated with severe age underestimations. Further 
studies have to be carried out on teeth to understand their suitability for ESR dating. 
6.3. General conclusions 
Radiocarbon dating seems still one of the best methods for archaeology. This is not 
surprising considering the amount of detailed investigations, age determinations and 
laboratories worldwide involved in radiocarbon dating. Compared to radiocarbon, 
most of the underlying processes involving age deviations in ESR and luminescence 
are virtually unknown. Certainly, OSL dating has by far the best potential for 
becoming a routine dating method in archaeology: quartz is widely available, the 
samples are rapidly bleached and the useful age range considerably exceeds that 
radiocarbon at most places. The precision of age estimates can probably be improved. 
The uncertainty in the estimation of the dose value could be improved by 3 to 7%, 
disequilibrium of the U-decay chains, the precise reconstruction of the cosmic dose 
rate and water contents remain the main sources of uncertainty. 
ESR dating of teeth has provided reasonable age estimates at many archaeological 
sites. Some of which were first regarded with contempt (see Bowdler and Cavalli 
Sforza, 1992), for example those of Tabun (Grlin et al., 1991) but were later 
confirmed with independent methods (McDermott et al., 1993, Mercier et al. , 1995). 
It must be the aim of further studies to identify the processes that have caused 
apparent age underestimations at other sites. ESR dating of shells seems to have some 
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potential, but again it is necessary to identify the mechanisms that leads to outliers. 
ESR dating of bones seems to have little potential. 
The results also show that reliable chronologies can only be established after all 
analyses are properly considered. For example, only through the detailed knowledge 
of the archaeology has it become evident that the ESR results at La Quina are most 
likely age underestimations. The results of the archaeological analysis at Doravaka-
kanda cave make the OSL result of the lower layer implausible. Sedimentological 
investigations are necessary to recognise the source of the sediments and to identify 
whether vertical displacement has taken place. XRD, FTIR and SEM analyses can be 
used to establish sample integrity and diagenetic processes. 
6.4. Outlook 
This multi-dating study was only applied to three sites that were rather similar in 
occurrence. The multi-dating study has shown that many samples have been already 
strongly altered within a few 10,000 years. It is necessary to extend these studies 
further back in time and involve other dating techniques such as U-series, amino acid 
racemisation or Kl Ar dating. Other problems may be identified when working at 
darker cave sites or other environments such as coastal or fluvial sites. 
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